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In condensed matter physics, the quasi two-dimensional electron gas at the in-
terface of two different insulators, polar LaAlO3 on nonpolar SrTiO3 
(LaAlO3/SrTiO3) is a spectacular and surprising observation. This phenomenon 
exhibits LaAlO3-thickness-dependent insulator-metal transition; the 
LaAlO3/SrTiO3 interface becomes conducting only above a certain critical 
thickness of LaAlO3 film (typically 4 unit cells). One way to explain the mech-
anisms of this extraordinary interface conductivity is the controversial polariza-
tion catastrophe model, in which a charge transfer of 0.5 e- from the LaAlO3 
film into the LaAlO3/SrTiO3 interface is expected to compensate the internal 
polarization potential divergence in the LaAlO3 film. In this thesis, by studying 
the high-energy optical conductivity of LaAlO3/SrTiO3 using spectroscopic el-
lipsometry and ultraviolet – vacuum ultraviolet reflectivity in a broad energy 
range (0.5 – 35 eV) and supported by density functional theory calculations, the 
interplay between electronic reconstructions, surface oxygen vacancies, and lat-
tice distortions is found to be responsible for the insulator-metal transition of 
LaAlO3/SrTiO3. In conducting LaAlO3/SrTiO3 (above 4 unit cells of LaAlO3) 
there is indeed a ~0.5 e- charge transfer from LaAlO3 film into the 
LaAlO3/SrTiO3 interface, corroborating the polarization catastrophe model. In-
terestingly, signature of oxygen vacancies is also found at the surface of LaAlO3 
film, which stabilizes the inter-layer charge transfer by compensating the 0.5 
surface holes left after the charge transfer. On the other hand, in insulating 
LaAlO3/SrTiO3 (below 4 unit cells of LaAlO3), a redistribution of charges 





observed, with no charge transfer into the interface. This intra-layer charge re-
distribution is consistent with LaAlO3 lattice distortions effects predicted and 
observed earlier, which create opposing dipoles that can partially counteract the 
internal polarization divergence in LaAlO3. Hence, the results reveal the differ-
ent mechanisms for the polarization catastrophe compensation in insulating and 
conducting LaAlO3/SrTiO3 interfaces. The step-like LaAlO3-thickness-depend-
ent insulator-metal transition of LaAlO3/SrTiO3 interface can thus be explained 
based on the interplay between electronic reconstruction, surface oxygen vacan-
cies, and lattice distortions. 
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In this chapter, the main motivations of this thesis are discussed, which are to 
understand the various exotic quantum phenomena at oxides interfaces in gen-
eral, and more specifically the interface conductivity of LaAlO3/SrTiO3 and its 
insulator-metal transition. Afterwards, the outline of the thesis is also ex-
plained.  
 
1.1. Novel quantum phenomena at oxides interfaces 
 
Nobel laureate H. Kroemer once said in his Nobel lecture that “[o]ften, it may 
be said that the interface is the device” [1]. This is because in many devices, it 
is the physics of the interfaces that often determine their functionalities, not the 
bulk properties. One proven example is the semiconductor devices, whose uti-
lizations have dominated most of modern electronics. Their functionalities are 
mainly driven not by their bulk properties, but from the manipulation of charges 
across the interfaces of various semiconductor heterostructures such as p-n junc-
tions, Schottky contacts, SiO2/Si interfaces, AlGaAs/GaAs quantum wells, and 
various types of transistors. 
 
Yet, despite their ubiquity in the modern world, semiconductor devices still 
have their limitations. Their functionalities are ultimately controlled by manip-




keep getting smaller to fulfill the demands of faster and smarter devices, would 
eventually hit atomic and quantum limits. In principle, charge manipulation is 
only one way to tune a device. Other physical properties, such as magnetism, 
ferroelectricity, and superconductivity, also have the potential to be utilized as 
a way to control the device functionality. Thus, if the device can be made from 
materials that exhibit these tunable properties, its functionalities can be greatly 
expanded, and the quantum size limitations might be overcome. 
 
One class of such materials that exhibit these properties is oxides. Unlike con-
ventional semiconductors whose electrons are weakly correlated, the electrons 
in oxides are often strongly correlated. In turn, even in bulk form they already 
exhibit a wealth of exotic intrinsic properties, such as superconductivity, 
(anti)ferromagnetism, (anti)ferroelectricity, multiferroicity, and many others 
[2,3]. Some important examples are the high-temperature superconductivity of 
Cu-based oxides [4] and the colossal magnetoresistance (CMR) effects of Mn-
based oxides [5]. 
 
The interfaces of oxides are even more interesting. The interplay between 
charge, spin, and orbital at oxides interfaces can lead to various exciting emer-
gent phenomena [6] such as orbital and spin reconstructions [7-11], metal-insu-
lator transitions [12-14], magneto-electric coupling [15], low-dimensional su-
perconductivity [16-21], and quantum Hall effects [22,23]. These phenomena 
can occur even if the parent materials that make up the interfaces are not known 
to exhibit those properties. Here are some examples: ferromagnetic interface 




(along with its associated CMR effects) [24,25], between AF insulators LaFeO3 
and LaCrO3 [26], between AF insulator CaMnO3 and paramagnetic metal 
CaRuO3 [7], and between AF insulator LaMnO3 and diamagnetic insulator 
SrTiO3 [27]; superconducting interface can occur between insulator La2CuO4 
and metallic overdoped (La,Sr)2CuO4 [16,18]; conducting interface can occur 
between Mott insulator LaTiO3 and band insulator SrTiO3 [28], between band 
insulators LaAlO3 and SrTiO3 [29], and between Mott insulator LaVO3 and 
band insulator LaAlO3 [13,14]; and many more [22,23,30-36]. 
 
Recent technological advances in thin film technology have made it possible to 
fabricate oxides heterostructures and other multilayered materials with unprec-
edentedly precise atomic control [6]. Novel interface states can now be created 
from various combinations of parent compounds with atomic layer precision. In 
turn, this opens a plethora of new possibilities to study the various exotic quan-
tum phenomena that can occur at the interfaces of dissimilar materials. 
 
1.2. LaAlO3/SrTiO3 interface 
 
Among the various exotic oxides interface systems described above, this thesis 
focuses on the LaAlO3/SrTiO3 interface and its insulator-metal transition. Since 
its discovery by Ohtomo and Hwang in 2004 [29], the LaAlO3/SrTiO3 interface 
has attracted a tremendous amount of research interests, both for fundamental 
science and practical applications. When thin film of LaAlO3 is deposited on 




and sheet carrier density emerges at the interface [29]. Interestingly, this inter-
face conductivity is dependent on the thickness of LaAlO3 film [12]; the 2DEG 
only emerges when the LaAlO3 film reaches a certain critical thickness, usually 
4 unit cells (uc) or more. Below the critical thickness, the system remains insu-
lating. Furthermore, the interface is also found to exhibit magnetism [37-41] 
and superconductivity [42-44], and two-dimensional coexistence of both has 
even been observed [19-21]. These observations are very remarkable consider-
ing LaAlO3 and SrTiO3 are non-magnetic insulators in their bulk states. 
 
Despite these results, the mechanisms behind the various exotic phenomena of 
LaAlO3/SrTiO3 interface are still far from understood. Especially for the inter-
face conductivity, several theories and models [45-53] have been proposed as 
the possible mechanisms behind its occurrence and its LaAlO3-thickness-de-
pendent insulator-metal transition. However, these models often are only able 
to explain some parts of the phenomena, and unable to give the complete pic-
ture. Thus, this serves as the motivation for this thesis. The main objective of 
this thesis is to achieve a better understanding about the overall mechanisms 
behind the insulator-metal transition of LaAlO3/SrTiO3 interface by probing its 
electronic band structure using high-energy optical conductivity. 
 
1.3. Study of interfaces using high-energy optical conductivity 
 
In order to study the mechanisms behind the various exciting phenomena of 
oxides interfaces, it is very crucial to have a thorough understanding of the elec-




materials. One way to directly probe this is by measuring the complex dielectric 
response of the material in a broad energy range. For example, a combination 
of spectroscopic ellipsometry (0.5 – 6.5 eV) and ultraviolet – vacuum ultraviolet 
(UV-VUV) reflectivity (3.7 – 35 eV) can be used to obtain the reflectivity of 
the material in the broad range of 0.5 – 35 eV [54-56]. The broad photon energy 
range is crucial to yield a stabilized Kramers-Kronig analysis [57-64] of the 
reflectivity data, so that the correct complex dielectric function and optical con-
ductivity of the material can be extracted reliably from reflectivity. This tech-
nique has been proven to be important in the study of a wide variety of materials, 
ranging from manganites, graphene, and oxides such as SrTiO3 [54-56,65]. 
 
The main advantage of the study of optical conductivity is because it fulfills the 
f-sum rule [66-68], which is a charge conservation rule. When optical conduc-
tivity is integrated across the photon energy spectrum, the total number of elec-
trons participated in the optical excitation can be obtained. Due to the charge 
conservation law, any decrease in the number of charge in one part of the spec-
trum has to be compensated by an equivalent increase of the number of charge 
in another part of the spectrum. In the case of LaAlO3/SrTiO3, this analysis can 
be used to study the various charge transfers and redistributions that happen as 
the LaAlO3/SrTiO3 interface goes from insulating to conducting. 
 
Another advantage of optics is its non-intrusiveness. An important difference 
between the study of interfaces with that of bulk materials is the fact that the 
interface is buried under one or more layers of parent materials. Thus, any tech-




buried interface without disturbing the parent materials surrounding it. For ex-
ample, in LaAlO3/SrTiO3 the interface is typically buried at the depth of 1 – 4 
nm below the surface. In the optical reflectivity setup described above, the pho-
ton penetration depth is found to be in the order of 10 – 40 nm, which is more 
than sufficient to probe the buried interface of LaAlO3/SrTiO3. In general, this 
is also applicable to other multilayered systems as long as the depth at which 
the interface is buried does not exceed the penetration depth of the photon. 
 
1.4. Thesis outline 
 
This thesis is outlined as follows. After this introductory chapter, in Chapter 2 
the general properties of LaAlO3/SrTiO3 heterostructure are discussed in more 
details, along with the properties of its constituent materials, bulk LaAlO3 and 
bulk SrTiO3. Then, in Chapter 3 the various experimental techniques used in 
this thesis are described. The electronic band structures of LaAlO3/SrTiO3 are 
mainly probed using two main optical techniques: spectroscopic ellipsometry 
and UV-VUV reflectivity [54-56]. Meanwhile, the samples are prepared using 
pulsed-laser deposition (PLD) assisted with reflection high-energy electron dif-
fraction (RHEED), and characterized using atomic force microscopy (AFM), x-
ray diffraction (XRD), Rutherford backscattering spectrometry (RBS), and elec-
trical transport measurements. 
 
In Chapter 4 and Chapter 5, the analysis techniques used to analyze the optical 
data are detailed. The general analysis techniques used to analyze the optics data 




multilayered materials are discussed in Chapter 5. In Chapter 5, the self-con-
sistent iteration procedure [69] is introduced as a way to extract and separated 
the complex dielectric function of each layer of a multilayered material. The 
procedure is applied to LaAlO3/SrTiO3 heterostructure to separate the effects of 
the interface from the LaAlO3 film and the bulk SrTiO3 substrate. 
 
 In Chapter 6, the effects of different types of intrinsic vacancies on the high-
energy optical conductivity of SrTiO3 are studied [70]. Several SrTiO3 sub-
strates are annealed under different oxygen partial pressures to induce different 
types of vacancies into them, and then their high-energy optical conductivity 
spectra are probed using spectroscopic ellipsometry and UV-VUV reflectivity 
in the broad energy range of 0.5 – 35 eV. The results show that even small 
vacancy concentrations of ~1% – 2 % are enough to induce large spectral weight 
(i.e., charge) transfer in SrTiO3 across a wide photon energy range. 
 
In Chapter 7, the high-energy optical conductivity spectra of insulating and con-
ducting LaAlO3/SrTiO3 are probed using spectroscopic ellipsometry and UV-
VUV reflectivity in the broad energy range of 0.5 – 35 eV [71]. Furthermore, 
density functional theory (DFT) calculations are also employed to support the 
analysis [72]. It is shown that in conducting LaAlO3/SrTiO3 (above 4 uc of 
LaAlO3), there is a ~0.5 e
- charge transfer from LaAlO3 into the LaAlO3/SrTiO3 
interface, stabilized by the presence of oxygen vacancies in LaAlO3 film. On 
the other hand, in insulating LaAlO3/SrTiO3 (below 4 uc of LaAlO3) a redistri-
bution of charges within the LaAlO3 film as large as ~0.5 e
- is observed, with 




that are responsible for the LaAlO3-thickness-dependent insulator-metal transi-
tion of LaAlO3/SrTiO3 interface. 
 
Finally, in Chapter 8 all the important results of this thesis are summarized. 
Furthermore, some possible future directions that can be taken as the continua-
tion of the studies done in this thesis are also explored in this chapter.





General properties of LaAlO3/SrTiO3 
 
In this chapter, the general properties of LaAlO3/SrTiO3 heterostructure and its 
constituent materials, LaAlO3 and SrTiO3, are discussed. The chapter starts 
with a brief introduction to perovskite, which is the group of materials that 
LaAlO3 and SrTiO3 belong to. After that, the basic properties of two constituent 
materials are presented in details. Both are well-studied wide bandgap oxides, 
and possess a variety of interesting properties of their own. Finally, the 
LaAlO3/SrTiO3 heterostructure itself is discussed, particularly regarding its in-
terface conductivity and other fascinating phenomena that serve as the motiva-




Perovskites are a large family of compounds with the general formula of ABX3, 
in which two cations A and B are bonded with the anion X. In oxide materials, 
the anion X is oxygen, so the formula becomes ABO3. In the ideal form, cubic 
ABO3 perovskites have a crystal structure in which the cation A is at the corners, 
cation B at the body-center, and O at the face-centers of a cubic cell (Fig. 2.1(a)). 
In effect, this makes the cation A to have a 12-fold coordination and the cation 
B to form a [BO3] octahedral with O inside the unit cell [73]. Along the <001> 
direction, the cubic perovskites structure can also be described as a stacking of 
two sub-layers: the AO sub-layer and the BO2 sub-layer (Fig. 2.1(b)) [74]. This 
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Figure 2.1: Schematics of the perovskite ABO3 structure. (a) The cubic 
ABO3 perovskite unit cell, with cation A at the corners, cation B the body-cen-
ter, and O at the face-centers of the cubic cell. (b) Along the <001> direction, 
the cubic perovskite structure can be described as a stacking of two sub-layers: 




The A and X ions in a perovskite structure usually have much bigger ionic radii 
than the B ion, so its atomic packing factor (APF) can be approximated as equiv-
alent to an AX3 face-centered cubic (fcc) packing factor, with the smaller B ion 
filling the octahedral holes created by the face-centered X ions  [73,75]. If, in 
the first approximation, the atomic radii of the A and X ions are considered to 
be the same, each A and X ion in a normal four-ion closed-packed fcc lattice 
would have a radius of 0 8a , where a0 is the cubic lattice constant. Mean-
while, the smaller B ion filling the octahedral void would have a maximum ra-










 . Thus, the APF of a perovskite structure (APFperov-















    
     .          (2.1) 
 
Perovskites are very chemically diverse, owing to the large number of combi-
nation of ionic radii and ionic charges that the cations A and B can have, as well 
as the various ways the anion (oxygen) defects stoichiometry and structure can 
stabilize [75]. With respect to crystallography, this results in an enormous num-
ber of variations to the ideal cubic structure in which perovskites can condense 
into, such as orthorhombic, tetragonal, rhombohedral, and monoclinic structures 
[76]. In terms of physical and chemical properties, perovskites are hosts to a 
large variety of exotic phenomena, both in bulk form as well as in heterostruc-
tures and interface systems. Examples include, but not limited to, high-temper-
ature superconductivity of YBa2Cu3O7 [77], colossal magnetoresistance of 
(La,Sr)MnO3 [24,25,78], high-temperature magnetism [79] of double perov-
skites [80], ferroelectricity of BaTiO3 [81], multiferroicity of BiFeO3 [82] and 




SrTiO3 is a very well-studied material, mainly because of its importance as the 
standard substrate for the epitaxial growth of various kinds of complex oxides, 
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due to its compatible lattice parameters, structure, commercial availability, con-
trollable surface termination, tailorable conductivity, and comparatively low 
chemical reactivity [85-91]. Thus, many electronic devices based on oxides thin 
films can be conveniently integrated onto it [92-96]. Some examples are its use 
as dielectric layer in data storage devices [97,98], component in superconduc-
tor-based devices such as superconducting quantum interference device 
(SQUID) [99], insulating barrier layer in manganite-based magnetic tunnel 
junctions [100-102], potential light emitter in oxide-based optoelectronic de-
vices [103,104], and many more. 
 
For fundamental study, SrTiO3 is a model compound belonging to the perov-
skite family which crystallizes in the cubic 3Pm m  space group at room temper-
ature with a lattice parameter of 3.905 Å [105,106]. The Sr atoms sit at the cor-
ner of the cube, while the body-centred Ti forms a [TiO3] octahedral with the 
face-centred O atoms. In this cubic perovskite structure, it can be described as 
a stacking of two sub-layers along the <001> direction: the SrO sub-layer and 
the TiO2 sub-layer (Fig. 2.1(b)). It undergoes a symmetry-lowering phase tran-
sition to a tetragonal structure below 105 K, where the unit cell becomes elon-
gated along one of the crystal axes and the [TiO3] octahedral rotates slightly 
along this elongated axis [105,106]. Very recent studies have observed that upon 
structural phase transition, the direction on which the unit cell becomes elon-
gated is not uniform; some parts of the material may become elongated along 
the <100> direction, while others along the <010> or <001> directions, effec-
tively forming structural domains with the associated domain walls along their 
boundaries [107,108]. 
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Electrical conductivity and optical studies reveal that SrTiO3 is commonly an 
insulator with room-temperature indirect and direct bandgaps of 3.2 eV and 3.75 
eV, respectively [65,109,110]. It can be made to become conducting via doping, 
either by introducing oxygen vacancies [109], substituting small amounts of La 
for Sr, or Nb for Ti [111], or other similar substitutions [112]. Particularly, when 
doped with Nb it shows a presence of unusually narrow (less than 2 meV) Drude 
peak at 7 K [113]. When doped with O vacancies as low as 0.03%, it can even 
exhibit superconductivity, with a transition temperature of ~0.3 K [114-116].  
 
 
Figure 2.2: Complex dielectric function of SrTiO3. The real (ε1) and imagi-
nary (ε2) parts of the complex dielectric function of SrTiO3, plotted over the 




The dielectric properties of SrTiO3 is particularly remarkable. It has a very high 
dielectric constant, ~300 at 300 K, which increases sharply with decreasing tem-
perature, becoming as high as ~25000 at 4 K [111,117,118]. It is also inherently 
a quantum paraelectric, and with the aid of an external mechanical stress, such 
as from epitaxial strain of a thin film, a stable ferroelectric phase can be 
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achieved [119-121]. The complex dielectric function,      1 2i       , 
of SrTiO3 over the broad photon energy range of 0.5 – 35 eV (adapted from Ref. 
[65]) is shown in Fig. 2.2. It is obtained using a combination of spectroscopic 
ellipsometry (SE) and ultraviolet – vacuum ultraviolet (UV-VUV) reflectivity 
techniques [54-56,65], which are also the main experimental techniques that 
will be used throughout this thesis. 
 
 
Figure 2.3: Theoretical band structure of SrTiO3. (a) GW band structure of 
SrTiO3 along high-symmetry directions in the irreducible Brillouin zone (IBZ). 
(b) Total quasiparticle density of states (DOS) and atom-centered angular-mo-
mentum-projected DOS of SrTiO3. Well-defined structures are separated by 
dotted horizontal (in (a)) and vertical (in (b)) lines, each labelled with their cor-




The theoretical band structure of SrTiO3 (adapted from Ref. [122]) is shown in 
Fig. 2.3. The band structure was calculated in the framework of many-body per-
turbation theory (MBPT) on the level of the GW approximation [123], solving 
the Bethe-Salpeter equation (BSE) in a fully ab initio framework [124]. The 
advantage of this approach is that it results in an extremely precise estimation 
of SrTiO3 bandgap, where the calculated indirect (direct) bandgap of 3.4 eV 
(3.76 eV) is very close to the experimental value of 3.2 eV (3.75 eV), and thus 
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a more reliable calculated band structure. From Fig. 2.3, it can be seen that the 
highest occupied (valence) band of SrTiO3 consists of O-2p states, which par-
tially hybridize with the Ti-3d and Sr-3d states. Below the O-2p states are the 
semi-core O-2s and Sr-4p states, which occupy the energy levels of ~20 eV 
below the O-2p states [65]. Meanwhile, the lowest unoccupied (conduction) 
band of SrTiO3 consists of Ti-3d-t2g states, which are followed by the Ti-3d-eg 
and then Sr-4d states at higher energy levels. The Fermi level thus lies between 




The second constituent material of the LaAlO3/SrTiO3 heterostructure is 
LaAlO3. Similar to SrTiO3, it is also often used as the substrate for epitaxial 
growth of many oxides due to its good lattice matching with those materials 
[125]. At high temperature, LaAlO3 has similar cubic pervoskite structure with 
SrTiO3, also crystallizing in the 3Pm m  space group. Below ~813 K, it under-
goes a transition to the 3R c  space group, becoming instead a rhombohedrally 
distorted perovskite structure [126]. In this phase, the AlO6 octahedra is slightly 
rotated, and it can be thought as a pseudocubic perovskite with a lattice constant 
of 3.791 Å [127]. Thus, at room temperature, LaAlO3 has a reasonably small 
lattice mismatch of 3% with SrTiO3, which enables it to be epitaxially grown on 
top of SrTiO3 to produce the LaAlO3/SrTiO3 heterostructure with atomically 
smooth interface. Furthermore, because of this pseudocubic structure, along the 
<001> direction LaAlO3 can also be described as a stacking of the LaO sub-
layer and the AlO2 sub-layer (Fig. 2.1(b)). 
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Like SrTiO3, electronically and optically LaAlO3 is commonly an insulator with 
a wide bandgap of 5.6 eV [128-130]. It has a relatively high dielectric constant 
of ~25 at room temperature, although unlike SrTiO3, this value remains stable 
when the temperature is decreased down to 4 K with no significant temperature 
dependence [125,131,132]. The ε(ω) of LaAlO3 as a function of photon energy 
in the range of 4.7 – 9 eV obtained using SE (adapted from Ref. [128]) is shown 
in Fig. 2.4. So far, the ε(ω) of LaAlO3 beyond this photon energy range has not 
been measured. Thus, the study of the ε(ω) of LaAlO3 over a broader photon 
energy range (0.5 – 35 eV) is also part of the objectives of this thesis (see Chap-
ter 7 for details [71]). 
 
 
Figure 2.4: Complex dielectric function of LaAlO3. The real (ε1) and imagi-
nary (ε2) parts of the complex dielectric function of LaAlO3, plotted over the 




The theoretical band structure of LaAlO3 (adapted from Ref. [133]) is shown in 
Fig. 2.5. The band structure is calculated in the framework of the density func-
tional theory (DFT) with the full-potential linearized augmented plane wave 
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(FP-LAPW) method implemented in the WIEN2k code [134]. It should be noted 
that the exchange and correlation effects in this calculation were treated using 
the generalized gradient approximation (GGA) [135], and not the full many-
body treatment as the case with SrTiO3 in Fig. 2.3, which results in a less precise 
calculated LaAlO3 bandgap of 3.95 eV, smaller than the experimental value of 
5.6 eV. This underestimation is well-known as the Kohn-Sham band-gap prob-
lem [122]. From Fig. 2.5, it can be seen that the top of the valence band of 
LaAlO3 is mostly composed of O-2p states with some mixture of Al-sp and La-
p states. Below the O-2p states are the semi-core La-5p and O-2s states that 
occupy the energy levels of ~15 eV and ~20 eV below the O-2p states, respec-
tively. Meanwhile, the bottom of the unoccupied (conduction) band of LaAlO3 
is composed of La-5d and La-4f states. Above that, the Al-3s and Al-3p states 
also resides at higher energy levels. The Fermi energy thus lies between the 
occupied O-2p and unoccupied La-5d states. 
 
 
Figure 2.5: Theoretical band structure of LaAlO3. (a) Band structure of 
LaAlO3 along high-symmetry directions in the irreducible Brillouin zone (IBZ). 
(b) Total quasiparticle density of states (DOS) and atom-centered angular-mo-
mentum-projected DOS of LaAlO3. The figures are adapted from Ref. [133]. 
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2.4. LaAlO3/SrTiO3 heterostructure 
 
2.4.1. General overview of LaAlO3/SrTiO3 
 
The LaAlO3/SrTiO3 heterostructure system, which is the main focus of this the-
sis, was first discovered by Ohtomo and Hwang in 2004 [29]. As discussed 
above, the constituent materials of LaAlO3 and SrTiO3 are both insulators with 
wide bandgaps. Remarkably, when LaAlO3 film is grown on top of SrTiO3, a 
conducting two-dimensional electron gas (2DEG) with high sheet conductivity 
and mobility (up to ~104 cm2V−1s−1 at 4.2 K) emerges at the interface between 
the two oxide materials. Further transport measurements indicated that this con-
ducting interface only exists above a certain critical thickness (dcrit) of LaAlO3 
film, typically 4 unit cells (uc) [12]. Right below this dcrit, the LaAlO3/SrTiO3 
interface remains insulating (Fig. 2.6). However, when only one additional uc 
of LaAlO3 is deposited so that the LaAlO3 film is above or equal to the dcrit, the 
interface undergoes a very sharp step-function transition to become conducting. 
Interestingly, when the thickness of LaAlO3 (dLaAlO3) is further increased, the 
interface conductivity does not also increase as dLaAlO3 increases; instead, it re-
mains relatively constant. Thus, this dLaAlO3-dependence enables external con-
trol of the conductivity of the heterostructure. It has also been demonstrated that 
this insulator-metal transition of LaAlO3/SrTiO3 can also be reversibly con-
trolled by applying external electric field [12,43]. Very recent studies have also 
observed that upon SrTiO3 phase change to tetragonal structure below 105 K, 
the interface conductivity can become locally enhanced and form a striped pat-
tern along the tetragonal domain walls of SrTiO3 [107,108]. 




Figure 2.6: LaAlO3-thickness dependence of insulator-metal transition of 
LaAlO3/SrTiO3. Room-temperature electrical transport properties of 
LaAlO3/SrTiO3 are plotted as a function of LaAlO3 film thickness. The dotted 
horizontal line is the measurement limit for both sheet conductivity and sheet 




Several studies using various techniques such as cross-sectional conducting-tip 
atomic force microscopy (CT-AFM) [136], hard x-ray photoemission spectros-
copy (HXPS) [137], infrared ellipsometry [138], and theoretical calculations 
[139,140] have revealed that the thickness of the conducting interface of con-
ducting LaAlO3/SrTiO3 to be ~2 – 10 nm, which corroborates the two dimen-
sionality of the electron gas. However, this thickness only holds true for 
LaAlO3/SrTiO3 samples deposited under moderate oxygen-rich conditions. For 
samples deposited under oxygen-poor conditions, the conducting region is 
much thicker, even reaching a thickness of ~500 μm away from the interface 
[136]. This suggests that the conducting region of oxygen-poor LaAlO3/SrTiO3 
has three-dimensional characteristics instead [50], since the whole bulk of 
SrTiO3 substrate becomes conducting in this case, not only the interface. 
 




Figure 2.7: Superconducting and magnetic properties of LaAlO3/SrTiO3. 
(a) Superconductivity of LaAlO3/SrTiO3 with Tc of 200 mK, adapted from Ref. 
[42]. (b) Magnetic Kondo behavior of LaAlO3/SrTiO3, adapted from Ref. [37]. 
(c) Coexistence of superconductivity and magnetism in LaAlO3/SrTiO3 at 20 
mK, adapted from Ref. [20]. (d) The magnetometry image mapping of spatially 
inhomogeneous coexisting ferromagnetic and superconducting regions in 




Besides interface 2DEG and insulator-metal transition, the LaAlO3/SrTiO3 het-
erostructure also exhibits several other exotic phenomena (Fig. 2.7). Below 
~200 mK, the 2DEG becomes a two-dimensional (2D) superconductor [42], 
with a superconducting critical temperature (Tc) that can be manipulated using 
external gate voltage [43]. Furthermore, although bulk SrTiO3 and LaAlO3 are 
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both non-magnetic, the LaAlO3/SrTiO3 interface is also found to exhibit indica-
tions of magnetism [37-41]. The two-dimensional coexistence of both super-
conductivity and ferromagnetism (which normally are antagonistic to each 
other) at the interface has even be observed [19-21], which indicates that this 
interface breaks all of the principal symmetries in the system [6]. 
 
 
In addition to its importance in fundamental science, the LaAlO3/SrTiO3 inter-
face also has promising future for novel applications in nanoscale oxide elec-
tronics. One example is a nanoscale transistor device [141] that has been devel-
oped to operate by exploiting the reversible insulator-metal control of the inter-
face [12,43]. By applying external electric field via a CT-AFM tip, the interface 
conductivity of LaAlO3/SrTiO3 can be turned “on” and “off” locally [142,143], 
which permits nanoscale patterning of conducting and insulating regions in the 
devices. Using similar principles, room-temperature nanoscale sensors and pho-
todetectors [144,145], rectifying junctions [146], and single-electron transistors 
[147] based on LaAlO3/SrTiO3 have also been developed. 
 
2.4.2. Epitaxial interface structure 
 
In terms of epitaxy, there are two ways of forming the LaAlO3/SrTiO3 interface, 
due to their cubic (or, in the case of LaAlO3, near-cubic) perovskite structure. 
As discussed above, along the <001> direction an ABO3 cubic perovskite can 
be described as alternating planes of AO and BO2 sub-layers (Fig. 2.1(b)). Thus, 
SrTiO3 can be described as alternating planes of SrO and TiO2 sub-layers, while 
LaAlO3 can be described as alternating planes of LaO and AlO2 sub-layers. Due 
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to this, if the SrTiO3 substrate is treated such that it has a TiO2 surface termina-
tion [87], upon deposition of LaAlO3 the interface would have the stacking se-
quence of LaO/TiO2 (Fig. 2.8(a)). Meanwhile, if the LaAlO3 film is deposited 
on top of a SrO-terminated SrTiO3, the interface would have the stacking se-
quence of AlO2/SrO instead (Fig. 2.8(b)). As it turns out, the LaO/TiO2 interface 
is conducting above the dcrit [12,29], while the AlO2/SrO interface remains in-
sulating [29,148], as discussed below. The LaO/TiO2 interface is also the type 
of LaAlO3/SrTiO3 interface that exhibits the magnetic and superconducting 
properties [20,21,37,39,41,42]. Thus, the LaO/TiO2 interface will be the main 
type of LaAlO3/SrTiO3 interface that will be discussed throughout this thesis, 
unless otherwise stated. 
 
One interesting aspect about the LaO/TiO2 interface is that the LaO/TiO2 stack-
ing combination is equal to a unit cell of LaTiO3. In LaTiO3, the valence state 
of Ti ions is 3+ (as opposed to SrTiO3, where it is 4+), with electronic structure 
of [Ar]3d1. The presence of the d-electron results in a strong inter-site Coulomb 
repulsion [149], making it a correlated material, as evident by its Mott-insulator 
behavior with semiconducting transport properties [150,151]. Thus, the pres-
ence of one uc of LaTiO3 at the interface indicates that correlation effects might 
play a role in governing the transport, magnetic, and superconducting properties 
of LaAlO3/SrTiO3. Particularly, it has been shown that LaTiO3/SrTiO3 hetero-
structure is also conducting at the interface [28], and the interface conductivity 
is attributed to the doping of electron from the partially filled Ti d-band of La-
TiO3 to the unoccupied Ti d-band of SrTiO3, up to half filling [28,149]. 
 




Figure 2.8: Epitaxial interface structure of LaAlO3/SrTiO3. (a) Epitaxial 
structure of LaAlO3 on TiO2-terminated SrTiO3, forming the LaO/TiO2 inter-
face stacking sequence. (b) Epitaxial structure of LaAlO3 on SrO-terminated 




2.4.3. Interface conductivity mechanisms 
 
The origin of the various unique interface properties of LaAlO3/SrTiO3 is still 
under debate. This is partly due to the possibility that there may be more than 
one mechanism that can play a role in governing these interesting behaviors. 
Furthermore, which mechanism plays a more dominant role also seems to be 
sensitive to how the sample is prepared and the conditions under which the 
LaAlO3 film is grown [152]. In particular, there are several distinct mechanisms 
that have been proposed to explain the interface conductivity of LaAlO3/SrTiO3: 
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the polarization catastrophe model [45], the effects of oxygen vacancies [46-
48,50], the cationic intermixing across the LaAlO3/SrTiO3 interface [45,49], 
and the effects of LaAlO3 cationic stoichiometry [51-53]. 
 
2.4.3.1. Polarization catastrophe model 
 
The polarization catastrophe model can be understood by considering the formal 
charges of each sub-layers of LaAlO3 and SrTiO3. Using the formal valence 
states of the ions (Sr2+, Ti4+, La3+, Al3+, and O2-), in the simple ionic limit SrTiO3 
is composed of charge-neutral sub-layers of (Sr2+O2-)0 and (T4+(O2)
4-)0 (i.e., 
nonpolar), while LaAlO3 is composed of alternating charged sub-layers of 
(La3+O2-)+ and (Al3+(O2)
4-)- (i.e., polar). Thus, at the LaAlO3/SrTiO3 interface, 
the charge-neutral and charged sub-layers adjoin, leading to polar discontinuity, 
as discussed below. The consequences of such polar – nonpolar sequencing 
were first discussed for the semiconductor GaAs/Ge heterojunctions, where po-
lar GaAs is stacked against nonpolar Ge [153,154]. 
 
For the LaO/TiO2 interface (Fig. 2.9(a)), the alternating charged sub-layers form 
a chain of capacitors in series, which produce the internal electric field, E. The 
potential, V, across each capacitor is additive and, mathematically, diverges as 
the number of capacitors (i.e., the number of LaAlO3 uc) increases. This poten-
tial divergence is called the polarization catastrophe [45]. 
 
 
For semiconductor heterojunctions such as the GaAs/Ge system [153,154], the 
polarization catastrophe can be avoided by redistributing the atoms (and thus 
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the charge) at the interface, which causes roughening of the interface. This is 
analogous with the reason why crystals with polar planes (e.g., bulk LaAlO3 
itself [155]) need to have atomic reconstructions at their surface, since the sur-
face termination also creates similar polar discontinuity issue [156]. Conven-
tional semiconductor ions have a fixed valence, so spatial atomic redistribution, 
which leads to the interface compositional roughening, is their only option to 
avoid the potential divergence, unless the composition is graded at the interface 
to ensure there is no net formal interface charge [154]. 
 
 
Figure 2.9: Polarization catastrophe model. (a) Unreconstructed LaO/TiO2 
interface of LaAlO3/SrTiO3, showing the valence states of each sub-layer. The 
alternating charged sub-layers of LaAlO3 on non-polar SrTiO3 give raise to a 
positive internal potential (V) divergence within the LaAlO3 layers. (b) The po-
tential divergence at the LaO/TiO2 interface can be avoided if 0.5 electron is 
transferred from the surface AlO2 sub-layer into the interface TiO2 sub-layer. 
The electric field E now oscillates around zero and the potential, V, remains 
finite. (c) Unreconstructed AlO2/SrO interface of LaAlO3/SrTiO3, showing the 
negative potential divergence. (d) The potential divergence at the AlO2/SrO in-
terface can be similarly avoided if 0.5 electron is removed from the interface 
SrO sub-layer into the surface LaO sub-layer, creating 0.5 hole at the interface. 
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On the other hand, in complex oxides like LaAlO3 and SrTiO3, the valence states 
of the ions can vary. For example, the multivalent Ti ions can exist as either Ti4+ 
or Ti3+. Thus, it is possible to redistribute the charges between the ions (i.e., 
electronic reconstruction [157]) with a lower energy cost than spatially rear-
ranging the ions, because the ions are allowed to have mixed valence states. In 
this case, if 0.5 electron (e-) per uc can be transferred from the surface AlO2 sub-
layer into the interface TiO2 sub-layer (Fig. 2.9(b)), the internal electric field, 
E, inside the LaAlO3 film would be modified such that the polarization poten-
tial, V, no longer diverges. The 0.5 e- per uc that now resides at the interface is 
accommodated by having the interface Ti ion to become Ti3.5+ [45]. In other 
words, the interface becomes doped (n-type), which leads to the observed con-
ductivity [29]. Meanwhile, the 0.5 hole (h+) per uc created at the surface due to 
the charge transfer ensures that the overall structure remains neutral. 
 
In terms of electronic band structure, the polarization catastrophe scenario and 
the subsequent charge transfer into the interface can be described as follows 
[158]. When the LaAlO3 film is above a certain dcrit, the internal electric field 
build-up would arrange the valence and conduction bands of LaAlO3 and 
SrTiO3 such that both the occupied O-2p band of the topmost LaAlO3 layer and 
the unoccupied Ti-3d band of the interfacial SrTiO3 layer cross the Fermi level, 
effectively eliminates the bandgap of the heterostructure (Fig. 2.10). These 
crossings permit the electron from the occupied O-2p states of surface LaAlO3 
to transfer into the unoccupied Ti-3d of interfacial SrTiO3, creating the 2DEG 
at the interface and holes at the surface. Below the dcrit, the electric field build 
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up is not enough to completely eliminate the bandgap and cause the crossings, 
so the heterostructure remains insulating. 
 
 
Figure 2.10: Theoretical band structure of LaAlO3/SrTiO3. (a) Overall den-
sity of states (DOS) of relaxed 1, 3, 4, and 5 unit cells (uc) LaAlO3/SrTiO3 (solid 
lines, gray shading). As the LaAlO3 thickness increases, the bandgap decreases 
until it is finally eliminated when the LaAlO3 thickness reaches the critical 
thickness of 5 uc. (b) Layer-resolved projected density of states (PDOS) of re-
laxed 5 uc LaAlO3/SrTiO3 (solid lines, gray shading), showing the Fermi level 
crossings of the occupied O-2p states of surface AlO2 sub-layer and the unoc-
cupied Ti-3d states of interface TiO2 sub-layer, allowing electrons to transfer 
from O-2p states of surface AlO2 into Ti-3d states of interface TiO2. The dotted 
lines in both figures indicate the (P)DOS of ideal, unrelaxed LaAlO3/SrTiO3. 




An analogous situation can also be considered for the AlO2/SrO interface (Fig. 
2.9(c)). In this case, the direction of internal electric field, E, is reversed, which 
results in potential divergence in the opposite direction as compared to the 
LaO/TiO2 case. Thus, theoretically, a charge transfer of 0.5 h
+ from the surface 
LaO sub-layer into the interface SrO sub-layer (i.e., 0.5 e- transfer from interface 
SrO into surface LaO) can also happen in order to avoid the polarization catas-
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trophe, resulting in a p-type conducting interface (Fig. 2.9(d)). However, trans-
ports measurements show that this type of LaAlO3/SrTiO3 interface remains in-
sulating [29,148]. The reason for this insulating behavior is still not fully under-
stood. It has been suggested that formation of oxygen vacancies at the interface 
may compensate the excess 0.5 h+ [45,159]. The unavailability of mixed-va-
lence states at the interface to accommodate these extra holes (such as Ti4.5+, 
which is not accessible energetically) may also be the reason, so that spatial 
atomic reconstruction is more favorable than electronic reconstruction in this 
case [45]. Furthermore, strong correlation effects of O-2p states may also play 
a role [160]. Because of this insulating behavior of the p-type interface, further 
discussion of interface conductivity of LaAlO3/SrTiO3 throughout this thesis 
will be mainly about the n-type interface, i.e., the LaO/TiO2 stacking sequence 
formed when LaAlO3 film is deposited on top of TiO2-terminated SrTiO3, un-
less otherwise stated. 
 
Due to its interesting premise and precedence in other systems [157], the polar-
ization catastrophe scenario remains the most prevalent model in explaining the 
interface conductivity of LaAlO3/SrTiO3, especially the n-type, LaO/TiO2 in-
terface case. However, there are still several unresolved issues that needs to be 
considered when comparing the model with actual experimental observations. 
 
First, the polarization catastrophe model stipulates that there should be a charge 
transfer of 0.5 e- from surface AlO2 sub-layer into the interface TiO2 sub-layer. 
Assuming that this 0.5 e- is contained within one layer of SrTiO3, it is equivalent 
to a sheet charge density of 3.2×1014 cm-2. However, various techniques have 
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shown an interface charge much less than this. For example, x-ray-based tech-
niques such as hard x-ray photoelectron spectroscopy (HXPS) [137] and reso-
nant inelastic x-ray scattering (RIXS) [161] have estimated an interface charge 
density of up to 1.1×1014 cm-2. Meanwhile, transport Hall measurements 
[12,37,42] result in an even smaller number of sheet carrier density of ~1×1013 
cm-2. It has been suggested that charge localization effects might limit the num-
ber of mobile charges that can be measured by transport [140,162,163], and thus 
if both the localized and delocalized charges can be measured and quantified, 
one might be able to evaluate the actual charge transfer [137,161,163]. 
 
Another unresolved important issue is the insulating case of LaAlO3/SrTiO3 
(dLaAlO3 < 3 uc). As discussed above, according to transport measurements the 
conducting interface only exists above a certain dcrit of LaAlO3, typically dLaAlO3 
≥ 4 uc (Fig. 2.6) [12]. This means that the charge transfer into the interface 
required to avoid the polarization catastrophe does not happen when dLaAlO3 is 
below 4 uc. According to the polarization catastrophe model, this means the 
internal electric field should be present for dLaAlO3 < 3 uc. One way to verify the 
model is to measure this polarization potential build up in insulating 
LaAlO3/SrTiO3, which is predicted to be 0.24 VÅ
-1 (or ~0.9 V per LaAlO3 uc) 
[164]. However, attempts to measure this have not been successful using core-
level x-ray photoemission spectroscopy (XPS) [165,166], in which the meas-
ured core-level shift in LaAlO3 is only ~0.1 eV per LaAlO3 uc, much less than 
expected. This leaves a question of whether the stipulated potential build-up, 
which necessitates the charge transfer in conducting LaAlO3/SrTiO3, really ex-
ists in the LaAlO3 film. Or, if it does exist, whether there are other atomic and 
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electronic reconstruction mechanisms that can compensate the polarization ca-
tastrophe in insulating LaAlO3/SrTiO3. 
 
2.4.3.2. Effects of oxygen vacancies 
 
The second possible origin for the interface conductivity of LaAlO3/SrTiO3 is 
the presence of oxygen vacancies (VO) within the heterostructure, since creating 
one VO is equivalent to doping the system with two electrons. Several studies 
[46-48] have observed that the electronic properties of the LaAlO3/SrTiO3 in-
terface are highly dependent on the oxygen pressure conditions, and thus the 
amount of VO created, during the deposition of LaAlO3 on SrTiO3. There are 
two common perspectives regarding the role of VO on the conductivity of 
LaAlO3/SrTiO3 interface, as discussed below. 
 
First, the VO can be directly created in SrTiO3 substrate during LaAlO3 deposi-
tion, doping the substrate with excess electrons at the resulting LaAlO3/SrTiO3 
interface [46-48,152].  This is possible because the presence VO has been known 
to introduce a shallow intra-gap donor level close to the conduction band of 
SrTiO3 [167]. However, by itself the role of VO in this perspective cannot ex-
plain the LaAlO3-thickness-dependent insulator-metal transition of 
LaAlO3/SrTiO3. Insulating (below LaAlO3 dcrit) and conducting (above LaAlO3 
dcrit) LaAlO3/SrTiO3 can be deposited using the same oxygen partial pressure 
(PO2) conditions. Thus, during deposition VO should still be able to be created 
in SrTiO3 regardless of dLaAlO3, which means that if the creation of VO in SrTiO3 
is the main source of the 2DEG, the interface conductivity should not be dLaAlO3 
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dependent. Furthermore, when the concentration of VO is suppressed by depos-
iting conducting LaAlO3/SrTiO3 under high PO2 and/or post-annealing in oxy-
gen, the interface conductivity is still observed, albeit with a reduced carrier 
density [12,47,168]. This suggests that the effects of VO, while present, is not 
the sole origin of the LaAlO3/SrTiO3 interface conductivity. 
 
Interestingly, when amorphous LaAlO3 is deposited on crystalline SrTiO3, the 
resulting heterostructure is also conducting above a certain dcrit of amorphous 
LaAlO3 [168]. The carrier density and the amorphous LaAlO3 dcrit in this system 
are found to be strongly dependent on the PO2 conditions during deposition. 
Furthermore, when conducting amorphous LaAlO3/SrTiO3 is post-annealed in 
oxygen, it becomes insulating and the conductivity vanishes completely. Since 
amorphous LaAlO3 does not have a polar sub-layers arrangement, the effects of 
potential divergence due to polar discontinuity with SrTiO3 is non-existent. 
Thus, this suggests that, unlike in crystalline LaAlO3/SrTiO3 the origin of con-
ductivity in amorphous LaAlO3/SrTiO3 is indeed dominated by the effects of 
VO created during deposition [168]. 
 
The second role of VO in determining the interface conductivity of 
LaAlO3/SrTiO3 is that the presence of VO at the surface of the LaAlO3 film can 
stabilize the charge transfer necessary to avoid the polarization catastrophe sce-
nario [50,143]. As discussed above, the 0.5 e- per uc charge transfer into the 
interface leaves behind the equivalent 0.5 h+ per uc at the LaAlO3 surface to 
ensure the charge neutrality of the overall heterostructure. However, if left un-
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tended, this surface holes create another polar discontinuity problem at the am-
bient-LaAlO3 surface [156], resulting in surface polarization catastrophe. The 
presence of VO at the LaAlO3 surface can alleviate this issue by compensating 
the surface holes with electrons, making the surface and, by extension, the inter-
layer charge transfer into the interface more energetically stable [50]. Theoreti-
cal calculations have also shown that for n-type (i.e., LaO/TiO2) interface, the 
VO formation energy at the surface is lower than at the interface [159] and de-
creases as the LaAlO3 thickness increases [169], further supporting this surface 
VO perspective. 
 
2.4.3.3. Interface cationic intermixing 
 
As discussed above, the potential divergence due to the polar discontinuity in 
the GaAs/Ge system [153,154] can be avoided by ionic redistribution across the 
interface. Such interface cationic intermixing can also happen across the 
LaAlO3/SrTiO3 interface, which results in the formation of La1-xSrxTiO3 [49] at 
the LaO/TiO2 interface. La1-xSrxTiO3 is metallic when 0.05 < x < 0.95 [170,171], 
which means that its presence at the LaAlO3/SrTiO3 interface could lead to in-
terface conductivity. 
 
However, this cationic intermixing mechanism has been recently put under de-
bate [168,172]. When ultrathin films of LaAlO3 diluted with SrTiO3 
((SrTiO3)x(LaAlO3)1-x) is deposited on top of SrTiO3 in order to exaggerate the 
effects of cationic intermixing, it is found that as the degree of intermixing x 
increases, interface conductivity becomes harder to achieve. In pure 
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LaAlO3/SrTiO3 (i.e., x = 0), interface conductivity can already be achieved 
when the LaAlO3 film is above a LaAlO3 dcrit of 4 uc. However, when 
(SrTiO3)0.5(LaAlO3)0.5 (i.e., x = 0.5) is deposited on top of SrTiO3, interface 
conductivity is achieved only when the (SrTiO3)0.5(LaAlO3)0.5 film is above a 
higher LaAlO3 dcrit of 6 – 7 uc. This shows that interface cationic intermixing 
might not be a dominant factor in determining the interface conductivity of 
LaAlO3/SrTiO3 [172]. Furthermore, the interfaces created by depositing 
LaAlO3 film on SrO-terminated SrTiO3 (i.e., the p-type LaAlO3/SrTiO3) 
[29,148] and by depositing SrTiO3 film on LaAlO3 substrate (i.e., 
SrTiO3/LaAlO3) [173] are all insulating, which are in conflict with the interface 
cationic intermixing model [168]. 
 
2.4.3.4. Effects of LaAlO3 cationic stoichiometry 
 
Recent observations have indicated that the cationic stoichiometry, e.g., the 
La/Al ratio in LaAlO3 film, may also affect the electrical properties of 
LaAlO3/SrTiO3 [51-53]. In these studies, non-stoichiometric LaAlO3 film was 
deposited on SrTiO3 by different deposition methods (sputtering [51], pulsed-
laser deposition or PLD [52], and molecular beam epitaxy or MBE [53]) to ob-
serve the effects of LaAlO3 stoichiometry on the interface conductivity of 
LaAlO3/SrTiO3. It was found that when the LaAlO3 film was La-rich, the re-
sulting LaAlO3/SrTiO3 interface either had a reduced conductivity as compared 
to stoichiometric LaAlO3/SrTiO3 [52], or remained insulating even above the 
stoichiometric LaAlO3 dcrit [51,53]. On the other hand, when the LaAlO3 film 
was Al-rich, the interface conductivity and its dLaAlO3-dependence was observed 
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as expected. In particular, for MBE-grown LaAlO3/SrTiO3 [53], the interface 
conductivity was observed when the La/Al ratio of deposited LaAlO3 film was 
smaller or equal to 0.97±0.03. Above that, the interface remained insulating. 
The reasons for this behavior are still under debate, and further studies are 
needed to explain the interplay between LaAlO3 stoichiometry and 




In this chapter, the LaAlO3/SrTiO3 heterostructure and its constituent materials, 
LaAlO3 and SrTiO3, have been introduced. Both constituent materials are well-
studied perovskites with interesting properties on their own. Although both ma-
terials are wide-bandgap non-magnetic insulators, when LaAlO3 is deposited on 
TiO2-terminated SrTiO3, a conducting 2DEG with even more remarkable elec-
trical, magnetic, and superconducting properties arises at the interface of the 
two oxides. Several possible origins of this interface conductivity have been 
discussed, such as the polarization catastrophe model, effects of oxygen vacan-
cies, interface cationic intermixing, and effects of LaAlO3 cationic stoichiome-
try. Among these mechanisms, the polarization catastrophe scenario is the most 
prevalent model in explaining the interface conductivity of LaAlO3/SrTiO3. 







In this chapter, the experimental techniques used for preparing, characterizing, 
and measuring the properties of the samples are discussed. The chapter starts 
with detailed introductions to spectroscopic ellipsometry and ultraviolet – vac-
uum ultraviolet reflectivity, the two main techniques used to probe the optical 
properties of the samples. After that, the pulsed-laser deposition technique used 
to prepare the LaAlO3/SrTiO3 heterostructure is briefly explained. Finally, 
techniques used to characterize the surface morphology, composition, crystal 
structure, and electrical transport properties of the samples are also discussed. 
 
3.1. Spectroscopic ellipsometry 
 
Spectroscopic ellipsometry (SE) is one of the two main optical measurement 
techniques used in this thesis, the other being the ultraviolet vacuum-ultraviolet 
reflectivity measurement discussed in Section 3.2. After a brief introduction 
about ellipsometry, basic principles about light propagation, reflection, trans-
mission, and polarization are discussed. Then, the discussion moves to how 
these optics principles are used in various setups of ellipsometry measurements. 
The section ends with the description of the actual SE experimental setup used 
in this thesis. 
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3.1.1. Introduction to spectroscopic ellipsometry 
 
Ellipsometry is a self-normalizing optical technique that can determine the op-
tical properties of a material non-destructively [174,175]. For example, it can 
obtain both the real and imaginary parts of the complex dielectric function of a 
material simultaneously, which is a major advantage compared to conventional 
reflectivity and transmission measurements [176]. This is especially important 
because the complex dielectric function of a material contains the information 
about its wavelength-dependent refractive index and absorption coefficient. If 
the material is multilayered, such as thin films on a substrate, it can also deter-
mine the thickness of the thin films. It is very surface sensitive, and is able to 
precisely detect the change of thickness of a material to the order of ~0.1 Å. The 
data acquisition is also fast, permitting real-time observation and feedback con-
trol of processing. These features have made the application areas of ellipsom-
etry to be very wide, in both fundamental science and industry [175]. 
 
Ellipsometry works by measuring the change in the polarization of light upon 
reflection on (or transmission through) a material [177-180]. When a polarized 
light is incident on a material, upon reflection or transmission it often becomes 
elliptically-polarized, which is where the name “ellipsometry” comes from. In 
ellipsometry, two quantities are measured: Ψ and Δ. The quantity Ψ represents 
the amplitude ratio between the p- and s-polarized components of the reflected 
light (see Section 3.1.2 for details), while Δ indicates their phase difference. 
When the Ψ and Δ spectra are measured over a wide range of photon energy, 
the measurement is called SE. The SE measurements can be performed over a 
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variety of photon energy ranges, and in this study SE are used to obtained Ψ and 
Δ spectra within the photon energy range of 0.5 – 5.6 eV, which covers the near 
infrared (NIR), visible, and deep ultraviolet (UV) regions of light. 
 
However, despite the advantages of ellipsometry as a fast, non-destructive, and 
very surface-sensitive technique, the analysis process to extract the desired op-
tical constants, complex dielectric function, and/or the film thickness from the 
measured Ψ and Δ spectra is generally non-trivial. The direct analytical conver-
sion from Ψ and Δ into complex dielectric function can only be performed if the 
measured material is homogenous, isotropic, and thick enough to be considered 
a bulk. In any other case, a proper optical model along with the associated nu-
merical approximation and fitting techniques are needed to extract meaningful 
results from the Ψ and Δ spectra. This is especially true for multilayered mate-
rials, such as the LaAlO3/SrTiO3 heterostructure (the main focus of this thesis), 
where the measured Ψ and Δ spectra depend on the complex dielectric function 
and thickness of each constituent layer of the material, and proper analysis 
methods are needed to separate them (see Chapter 4 for details). 
 
3.1.2. Reflection and transmission of light 
 
When light, or electromagnetic wave, propagates through a medium, its oscil-
lating electric (E) and magnetic (B) field vector can be expressed as 
   0 0, expE z t E i t Kz                                  (3.1a) 
   0 0, expB z t B i t Kz      ,                           (3.1b) 
where E0 and B0 are the electric and magnetic field amplitude, respectively, ω 
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is the angular frequency, t is time, K is the propagation number, z is the propa-
gation direction, and δ0 is the initial phase of the light. 
 
When light encounters an interface between two optically distinct media (such 
as light propagating in space incident on the surface of a material), it can be 
reflected and/or transmitted. In the case of light being reflected or transmitted 
at an oblique angle, θ, the wave can be treated as having two components: the 
p-polarized light, where the electric field vector is parallel to the plane of inci-
dent (POI, defined as the plane formed by the incident light, surface normal, 
and the reflected/transmitted light, see Fig. 3.1), and the s-polarized light, where 
the electric field is perpendicular to the POI. The reflected and transmitted am-
plitudes of the p- and s-polarized light can be obtained from the boundary con-
ditions analysis of Maxwell’s equations [175,181,182]. From this analysis, the 
amplitude reflection (rp) and transmission (tp) coefficients for p-polarized light 
can be expressed as, 
rp t i i t
p,it

























,                              (3.3) 
respectively. Here, Eip, Erp, and Etp are the electric field amplitudes of the inci-
dent, reflected, and transmitted p-polarized light, respectively. The subscript ‘it’ 
in rp,it and tp,it denotes that the light propagates from the medium whose refrac-
tive index is ni to one whose refractive index is nt. Similarly, the amplitude re-
flection (rs) and transmission (ts) coefficients for s-polarized light can also be 
obtained as, 
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rs i i t t
s,it

























,                              (3.5) 
respectively. In this case, Eis, Ers, and Ets are the electric field amplitudes of the 
incident, reflected, and transmitted s-polarized light, respectively. These four 
equations (Eqs. 3.2-3.5) are collectively known as the Fresnel’s equations 
[175,181,182]. The incident angle θi and the transmitted angle θt are connected 
by the Snell’s law of refraction, 
i i t tsin sinn n  .                                        (3.6) 
 
 
Figure 3.1: Reflection and transmission of p- and s-polarized light. Electric 
field E and magnetic field B of (a) p-polarized and (b) s-polarized light upon 




The Fresnel’s equations for light reflection (Eqs. 3.2 and 3.4) can be generalized 
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,                               (3.8) 
where 
ti t in n n . The complex refractive index is related to the complex die-
lectric function,      1 2i       , via, 
   n   .                                        (3.9) 
 
For multilayered materials, where the ñ of each layer are different, the resultant 
amplitude reflection and transmission coefficients depends on the appropriate 
combinations of the amplitude reflection and transmission coefficients of each 
of its interfaces, taking into account the relative phase differences as light trav-
els through the thickness of different optically distinct layers (see Chapter 4). 
 
3.1.3. Representation of polarized light 
 
The polarization state of light travelling along the z-axis can be described by the 
vector sum of two oscillating electric fields whose directions are parallel to the 
x and y axes, Ex and Ey, 
     
      0 0
, , ,
ˆ ˆ         exp exp
x y
x x y y
z t z t z t
E i t Kz E i t Kz   
 
          
E E E
x y
,   (3.10) 
where xˆ  and yˆ  are the unit vectors along the x and y directions, respectively. 
The relative phase difference, δy – δx, (along with the ratio between electric field 
amplitudes, Ey0/Ex0) is the most important attribute in determining the polariza-
tion state of the light. For examples, if δy – δx = 0, the light is said to be linearly 
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polarized (Fig. 3.2(a)); if δy – δx = π/2, the light is right-circularly polarized 
(Fig. 3.2(b)); and if 0 < δy – δx < π/2 (for instance, π/4), the light is right-ellipti-
cally polarized (Fig. 3.2(c)). 
 
 
Figure 3.2: Polarization states of light. (a) Linear polarization. (b) Circular 




The polarization state of the light and how an optical component might modify 
it can be mathematically represented in a neat and elegant way by using the so-
called Jones vector and Jones matrices [175,177,178,180]. The formulation of 
the Jones vector of the light described in Eq. 3.10 is as follows. Since the polar-
ization state of the light depends on the phase difference and amplitude ratio 
















   
    
    
E ,                            (3.11) 
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where  0 expx x xE E   and  0 expy y yE E  . Ellipsometry works by measur-
ing the relative changes in amplitude and phase, so accordingly the Jones vec-
tors are generally expressed in terms of the normalized light intensities. Thus, 






   
    
   
E E .                               (3.12) 









E .                                      (3.13) 
By taking into account the complex nature of Ex and Ey, right-circular polariza-
tion (ER, δy – δx = π/2) and left-circular polarization (ER, δy – δx = 3π/2) can also 





   
       
E E .                              (3.14) 
Various elliptical polarizations can also be expressed in this form. For example, 






   
E .                             (3.15) 
 
Ellipsometry uses several optical components to modify and determine the po-
larization state of the light, such as polarizers, analyzers, compensators (retard-
ers), etc. The polarizer is used to extract linearly-polarized light from unpolar-
ized light; analyzer is a polarizer used to determine the polarization state of 
light; and compensator (retarder) is used to convert linearly-polarized light into 
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a circularly-polarized one by introducing phase difference between its two or-
thogonal components. In the Jones formulation, each of these optical compo-
nents can be represented as a 2×2 matrix called the Jones matrix. Mathemati-
cally, pre-multiplication of the Jones vector of a light with the Jones matrix of 
an optical component represents the result of the light going through (or inter-
acting with) said component. 
 
The Jones matrix of a polarizer (P) or analyzer (A) whose transmission axis is 




   
 
P A ,                                      (3.16) 







C ,                                   (3.17) 
where δ is the phase difference introduced between the two orthogonal compo-
nents of the light. If the transmission axis of the polarizer or analyzer is aligned 
at an azimuthal angle α with the x-axis, when computing the Jones matrix mul-








   
R .                               (3.18) 
For example, if an unpolarized light passes through a polarizer aligned at an 
angle –α from the x-axis, then passes through a second polarizer (i.e., analyzer) 
aligned parallel to the x-axis, the amplitude of the light after passing through the 
analyzer and measured by the detector at the end of the setup (Fig. 3.3) can be 
represented as, 
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,                (3.19) 
where Ep is the amplitude of the polarized light after passing through the first 
polarizer. This computation can be extended for more optical components, 
keeping in mind the proper order of the matrix multiplication sequence. 
 
 
Figure 3.3: Representation of optical elements using Jones matrices. The 
incident light passes through a polarizer whose transmission axis makes an an-
gle α with the x axis, then an analyzer whose transmission angle is parallel to 





Besides Jones vectors, another way to represent the polarization state of the light 
is the Stokes parameters (or vectors). Unlike Jones vectors, Stokes vectors are 
able to describe unpolarized as well as partially-polarized light. The Stokes pa-
rameters have direct relevance in ellipsometry, since they are the ones directly 
measured in actual ellipsometry measurements.  
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The four Stokes parameters (S0-3) can be defined in terms of the intensity of the 
light, I, 
* *
0 x y x x y yS I I E E E E    ,                                (3.20a) 
* *
1 x y x x y yS I I E E E E    ,                                (3.20b) 
 2 45 45 0 02 cosx y x yS I I E E         ,                    (3.20c) 
and 
 3 R L 0 02 sinx y x yS I I E E       .                      (3.20d) 
Here, Ix and Iy represent the intensity of light linearly polarized parallel to the x-
and y-axis, respectively, while I+45º, and I-45º represent the intensity of light lin-
early polarized at 45º and -45º to the x-axis, respectively. Similarly, IR and IL 
represent the intensity of right-circularly- and left-circularly-polarized light, re-















St .                                             (3.21) 
 
In the Stokes representation, optical components which transform the Stokes 
parameters of the light are described by 4×4 Mueller matrices. For example, 
when a linearly-polarized light oriented at 45º from the x-axis passes through a 
linear polarizer whose transmission axis is parallel to the x-axis, the Stokes vec-
tor of the polarization state of the output light can be described as, 
1 1 0 0 1 1 2
1 1 0 0 0 1 21
0 0 0 0 1 02
0 0 0 0 0 0
     
     
     
     
     
     
.                              (3.22) 
3. Experimental techniques  
46 
 
Like Jones matrices, the matrix computation of Stokes vectors and Mueller ma-
trices can be extended to more optical components as long as the matrix multi-
plication sequence is in the right order. For further information, see Ref. [175] 
for more details on the Jones vectors, Jones matrices, Stokes vectors, and 
Mueller matrices of various polarization states of light and the optical compo-
nents that modify them. 
 
3.1.4. Principles of spectroscopic ellipsometry 
 
When polarized light is incident on a sample, its p- and s-polarized components 
can undergo different changes in their amplitudes and phases as the light re-
flected by (or transmitted through) the sample (Fig. 3.4). Ellipsometry measures 
these changes in the form of two quantities, Ψ and Δ, defined in relation with 
the complex amplitude reflection coefficients as [175,177,178,180], 







   
         
  
,                      (3.23) 
where ρ is the ratio between rp and rs. Thus, Ψ represents the ratio of the ampli-
tude changes between the p- and s-polarized light upon reflection, while Δ rep-
resents their phase differences. Thus, this makes Ψ and Δ (and any quantities 
derived from them, including reflectivity) self-normalized. This is an important 
attribute of ellipsometry, since the self-normalized reflectivity derived from Ψ 
and Δ can be used to normalize the reflectivity data obtained using other meth-
ods, such as the UV-VUV reflectivity technique (see Chapter 4 for details). In 
the case of transmission mode, Ψ and Δ can also be defined in relation with the 
complex amplitude transmission coefficients, 
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   
         
  
.                       (3.24) 
From Eq. 3.23 or 3.24, it can be seen that information about the complex refrac-
tive index of the sample can be extracted from Ψ and Δ, since both rp and rs as 
well as tp and ts are related to them via the Fresnel’s equations (Eqs. 3.2-3.5). In 
the Jones matrix representation, the change of polarization state induced by the 
sample can be described in terms of Ψ and Δ as, 
 sin exp 0
0 cos
i   
  
 
S .                              (3.25) 
 
 
Figure 3.4: Schematic of ellipsometry measurement. The figure is adapted 




In real ellipsometry instruments, there are several configurations of optical com-
ponents that can be used to obtain the change in the polarization of the light 
upon its interaction with a sample [175]. Generally, there are two major catego-
ries on which ellipsometry instruments can be classified: those that use rotating 
optical elements and those that use a photoelastic modulator. In this thesis, el-
lipsometer with rotating optical elements are used, specifically the rotating an-
alyzer with compensator configuration, so below the working principles of such 
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ellipsometer are briefly explained. Discussions about other ellipsometry config-
urations can be found in Ref. [175]. 
 
3.1.4.1. Rotating analyzer ellipsometry 
 
A rotating analyzer ellipsometry or RAE [183-188] (Fig. 3.5(a)) is usually de-
noted with the symbol PSAR, where the P stands for the polarizer, S the sample, 
and AR the (rotating) analyzer, respectively. In SE instruments, the ellipsometry 
measurements can be performed over a particular photon energy range. Usually, 
this is done by selectively changing the wavelength of the light using a mono-
chromator before it is incident on the sample (i.e., the grating is placed on the 
light source side). However, this can considerably slow down the measurement 
process, since the ellipsometry measurements would be need to be performed at 
each wavelength point over the whole energy range. For this reason, many SE 
systems, particularly the ones used in real-time monitoring, have a different 
monochromator setup in which the grating is placed after the sample (i.e., on 
the detector side), while the incident light is a white light. This allows the ellip-
sometry measurements to be performed at all photon energies simultaneously, 
after which the response from the different wavelengths can be separated by the 
monochromator and detected at the same time by a photodiode array [187,188]. 
The SE instrument used in this thesis is of this latter kind. 
 
In terms of Jones vectors and matrices, the output light measured by the detector 
after passing through this PSAR configuration can be expressed as, 
   out inA P L AR SR PL .                             (3.26) 
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, while Lin is the Jones vector of the input light from the light source and 






. The azimuthal angles of the transmission axis of the polarizer 
and analyzer with respect to the x-axis are given by the argument A and P in the 
rotation matrices R(A) and R(P), respectively. In the matrix form, Eq. 3.26 can 
be written explicitly as, 
 A 1 0 cos sin cos sin 1 0 1sin exp 0
0 0 0 sin cos sin cos 0 0 00 cos
E A A P Pi
A A P P
              
                          
. 
(3.27) 
When P is set to be 45º, Eq. 3.27 simplifies to, 
 A 1 0 cos sin sin exp
0 0 0 sin cos cos
E A A i
A A
        
               
.              (3.28) 
From Eq. 3.27, the output amplitude, EA, is found to be, 
 A cos sin exp sin cosE A i A     .                     (3.29) 
Thus, the measured light intensity at the detector can be obtained from the 






1 cos 2 cos 2 sin 2 cos sin 2
           1 cos 2 sin 2
I E I A A
I S A S A
      
  
,           (3.30) 
where I0 is the proportional constant of the reflected light whose intensity is also 
proportional to the intensity of the incident light. From Eq. 3.30, it can be seen 
that the detected light intensity varies as a function of the analyzer angle 2A, 
meaning that the variation of the detected intensity has a period of 180º. Thus, 
the 180º rotation of the analyzer (or other optical components in general) is gen-
erally referred as one optical rotation. In RAE, the Stokes parameters S1 and S2 
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are measured as the Fourier coefficients α and β of cos 2A and sin 2A, respec-
tively [183]. Thus, if the analyzer rotates continuously with an angular speed of 
ω, the variation of the detected light intensity can be expressed as [186,189], 
   0 1 cos 2 sin 2I t I t t      .                      (3.31) 
The normalized light intensity at the detector calculated from Eq. 3.31 is shown 
in Fig. 3.5(b). 
 
 
Figure 3.5: Rotating analyzer ellipsometry. (a) Schematics of the rotating an-
alyzer ellipsometry setup. (b) Calculated normalized light intensity of rotating 
analyzer ellipsometry at various values of Ψ and Δ. The figures are adapted from 




In the general case where the polarizer angle, P, is not restricted to 45º, the 
detected amplitude, EA, can be obtained by expanding Eq. 3.27, 
 A cos cos sin exp sin sin cosE P A i P A     ,            (3.32) 
and the detected light intensity becomes, 
     
2
A
0 1 cos 2 cos 2 cos 2 cos 2 cos 2 sin 2 sin 2 cos sin 2
I E
I P P A P A

          
. 
(3.33) 
If Eq. 3.33 is written in the form of Eq. 3.31, the general expression for the 
normalized Fourier coefficients α and β can be obtained as follows, 
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.                                (3.34b) 



















.                                    (3.35b) 
Thus, in an RAE measurement, the coefficients α and β are first determined 
from the Fourier analysis of the detected light intensity, and then Ψ and Δ can 
be obtained from α and β (provided that the polarizer angle, P, is known) using 
both of Eq. 3.35. 
 
In conventional RAE, the Stokes parameter S3 is not measured (Eq. 3.30) be-
cause it is not able to differentiate between right- and left-circularly polarized 
light [175]. The addition of a compensator into RAE configuration (symbolized 
as the PSCAR configuration, where the C stands for compensator, see Fig. 3.6 
(a)) can alleviate this shortcoming, and consequently improve the accuracy of 
measurements when Δ ≈ 0º or 180º [190,191]. In this case, the output light after 
passing through the PSCAR configuration is expressed in terms of Jones vectors 
and matrices as, 
   out inA P L AR CSR PL .                           (3.36) 
If the polarizer angle, P, is set to 45º, the explicit matrix form of Eq. 3.36 can 
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be written as, 
   
 
A 1 0 cos sin exp 0 sin exp
0 0 0 sin cos 0 1 cos
sin exp1 0 cos sin
         =
0 0 sin cos cos






           
                   
         
           
.      (3.37) 
It can be seen that the addition of compensator only shifts the value of Δ without 
any effects on Ψ, and that by substituting Δ with Δ’ = Δ – δ, Eq. 3.36 becomes 
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1 cos 2 cos 2 sin 2 cos sin 2
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        
          
   
, (3.38) 
showing that in the PSCAR configuration, the Stokes parameter S3 is included 
as part of the Fourier coefficient β in Eq. 3.31. 
 
 
Figure 3.6: Rotating analyzer ellipsometry with compensator. (a) Schematic 
of the rotating analyzer ellipsometry with compensator setup, adapted from 
Refs. [175] and [176]. (b) Sentech SE850 spectroscopic ellipsometry experi-











3. Experimental techniques  
53 
 
3.1.5. Spectroscopic ellipsometry experimental setup 
 
The SE measurements in this thesis are performed using SE850 ellipsometer 
from Sentech GmbH (Fig. 3.6(b)). It has a rotating analyzer with compensator 
(PSCAR) configuration, with a spectral range of 0.5 – 6.5 eV. To achieve this 
spectral range, three different light sources are used: deuterium lamp for deep 
UV range (1.6 – 6.5 eV), Xe lamp for UV-visible range (1.3 – 4.7 eV), and 
halogen lamp with Fourier-transform infrared (FTIR) spectrometer for near-in-
frared range (0.5 – 1.5 eV). Multi-wavelength white light from each source is 
used as the incident light, and a grating monochromator is placed after the sam-
ple at the detector side to separate the response from the different wavelengths. 
This allows ellipsometry measurements to be performed at all photon energies 
simultaneously, because the spectroscopic response can be detected at the same 
time by a photodiode array detector placed after the grating, resulting in fast 
data acquisition. The beam spot size for a typical light beam used is in the order 
of a few millimeters. To reduce the beam size, detachable micro-focus optical 
elements can be used to focus the beam down to a spot diameter of ~200 μm. 
However, when using these focusing apparatus, the spectral range is reduced to 
0.5 – 5.6 eV, since the focusing lenses have an absorption edge above ~5.4 – 
5.6 eV. The incident angle of the light can be varied using a goniometer that can 
rotate between 40º – 90º from the sample normal, and in this thesis, incident 
angles of 60º, 70º, and 80º are typically used. Likewise, the linear polarization 
state of the incident light can also be varied, and in this thesis, 45° linearly-
polarized incident light is typically used. 
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3.2. Ultraviolet – vacuum ultraviolet reflectivity 
 
Ultraviolet – vacuum ultraviolet (UV-VUV) reflectivity is the other main opti-
cal measurement techniques used in this thesis besides SE. It is capable of meas-
uring reflectivity in the wide photon energy range of 3.7 – 35 eV, nicely com-
plimenting SE photon energy range of 0.5 – 5.6 eV. Thus, by combining these 
two techniques, the complex dielectric function of a material in the broad pho-
ton energy range of 0.5 – 35 eV can be obtained [54-56]. In this thesis, the UV-
VUV reflectivity measurements are done using the SUPERLUMI end station of 
beamline I at the DORIS storage ring of Hamburger Synchrotronstrahlungsla-
bor (HASYLAB), located within Deutsches Elektronen-Synchrotron (DESY) 
in Hamburg, Germany. 
 
The SUPERLUMI end station for the reflectivity measurement is shown in Fig. 
3.7 [192,193]. The incoming beam is first focused vertically and horizontally 
by the focusing mirrors M1 and M2, respectively, located before the entrance slit 
of the primary monochromator. The primary monochromator is a 2 m normal-
incidence monochromator set at 15º McPherson mounting. It is equipped with 
two holographic concave gratings, both with 1200 grooves/mm groove fre-
quency and coated with Al and MgF2 coatings. It defines the incident photon 
energy on the sample, with spectral range of 3.7 – 35 eV and wavelength reso-
lution of up to 0.02 nm with proper exit slit configuration. 
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A gold mesh is placed between the primary monochromator and the sample to 
record the photoelectron current caused by the incoming beam. This current re-
flects the fluctuations in the incoming beam intensity and the gradual decay of 
the DORIS storage ring current. Therefore, the current recorded by the gold 
mesh is used as one of the references to normalize the raw reflectivity data of 
the sample. A representative gold current spectra, normalized against DORIS 
current, is shown in Fig. 3.8(a). 
 
 
Figure 3.7: Schematics of the SUPERLUMI end station at HASYLAB, 
DESY. The end station is used to measure UV-VUV reflectivity in the photon 




After the gold mesh, the beam hits the sample with an incident angle of 17.5º 
from the sample normal and a linear polarization parallel to the POI. The re-
flected beam from the sample is detected by the primary photomultiplier 
(VALVO PMT XP2230 B, labelled as PMT in Fig. 3.7) positioned at angle of 
35º from the incident beam (red path in Fig. 3.7), such that the specular reflec-
tion angle is also 17.5º from the sample normal. This PMT uses a coating of 
3. Experimental techniques  
56 
 
sodium salicylate (NaC7H5O3) to detect the intensity of the reflected beam, so 
the signal measured by this detector needs to be calibrated against the reference 
spectra of NaC7H5O3. For this purpose, luminescence spectra of NaC7H5O3 is 
also taken for the whole energy range of 3.7 – 35 eV (blue path in Fig. 3.7) using 
a second monochromator (ARC 0.3 m Czenery-Turner: “Spectral Pro 300i” 
(f/4)) and a second photomultiplier (HAMAMATSU R6358P, labelled as PMT 
2 in Fig. 3.7). The second monochromator is set at 420 nm excitation energy 
and the PMT 2 is positioned at 45º from the sample normal (or 90º from the 
incoming beam). A representative luminescence spectra of NaC7H5O3, normal-
ized against DORIS current, is shown in Fig. 3.8(b). 
 
The whole setup is maintained at ultrahigh vacuum environment, and during 
measurements the sample chamber pressure is kept at 10-9 mbar. The sample 
holder is made from copper, and the samples are attached to the holder using 
silver paste. Several samples can be loaded into the sample holder, and both 
sides of the holder can be utilized to hold the samples. The holder can be rotated 
and vertically translated to facilitate sample selection and alignment. The sam-
ple can be cooled down to 10 K using a He-flow CRYOVAC KONTI cryostat 
via a cold finger attached to the sample holder. During temperature-dependent 
measurements, thermal cycling is employed to prevent ice formation (freeze 
out) on the sample surface. 
 
 




Figure 3.8: Gold mesh current and NaC7H5O3 luminescence yield. (a) Gold 
mesh current spectra, normalized against DORIS current. (b) NaC7H5O3 lumi-
nescence yield spectra, normalized against DORIS current. 
 
 
The raw reflectivity data measured by PMT is calibrated using several steps 
[54,56]. First, both the raw reflectivity spectra of the sample measured by PMT, 
Rraw(ω), and luminescence yield of NaC7H5O3 detected by PMT 2, Rss(ω), are 
calibrated by their respective simultaneously-measured gold mesh currents, 
Iraw(ω) and Iss(ω). As mentioned, this is to calibrate Rraw(ω) and Rss(ω) from the 
influence of beam intensity fluctuations and gradual decay of DORIS current 
during the measurement. Then, the Iraw(ω)-calibrated Rraw(ω) is further normal-
ized by Iss(ω)-calibrated Rss(ω) to take into account the NaC7H5O3 coating that 
PMT uses. Thus, the calibrated reflectivity of the sample Rcal(ω) is given by, 
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    
   
.                         (3.39) 
After that, Rcal(ω) is further normalized using the self-normalized reflectivity 
extracted from SE, as discussed in Chapter 4. As an example for the calibration 
process described by Eq. 3.39, Fig. 3.9 shows the comparison between the raw 
reflectivity signal and the calibrated reflectivity spectra of SrTiO3. 
 
 
Figure 3.9: Comparison between the raw and calibrated reflectivity of 
SrTiO3. The calibrated reflectivity is obtained by calibrating the raw reflectivity 





3.3. Sample preparation 
 
The LaAlO3/SrTiO3 heterostructures used throughout this thesis are fabricated 
by depositing thin films of LaAlO3 on top of TiO2-terminated SrTiO3 using 
pulsed-laser deposition (PLD) assisted with reflection high energy electron dif-
fraction (RHEED). This section discusses the various details about these fabri-
cation processes. 
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3.3.1. Surface treatment of SrTiO3 
 
As-received SrTiO3 substrates obtained from vendor (CrysTec GmbH) usually 
have mixed surface termination, containing both SrO and TiO2 terminations. 
Thus, before LaAlO3 film deposition, the surface of SrTiO3 substrate needs to 
be treated to ensure that it has a uniform TiO2 termination necessary for the 
formation of LaAlO3/SrTiO3 interface 2DEG [12,29]. The treatment is done by 
selective chemical etching of the surface SrO sub-layers, as follows [87]. First, 
the as-received SrTiO3 is ultrasonically soaked in analytical grade and demin-
eralized water for 10 minutes, so that the surface SrO sub-layers can react with 
water to form Sr-hydroxide complexes known to dissolve in acidic solutions. 
Meanwhile, it is unlikely that water will react with the chemically very stable 
TiO2 sub-layers [194]. Then, the dissolvable Sr-hydroxide compounds are se-
lectively etched using buffered HF solution for 30 s. To remove the remnants of 
these treatments and facilitate recrystallization, a final annealing step is per-
formed at 950 °C for 2 hours. The end result is SrTiO3 substrate that has uniform 
TiO2 surface termination. 
 
3.3.2. Pulsed-laser deposition 
 
The pulsed-laser deposition (PLD) is a thin film deposition technique where a 
high-power pulsed laser is used to ablate a target material so that its vapor (in 
the form of plasma plume) can be deposited on a substrate facing the target. Its 
potential was first demonstrated by researchers at Bell Communication Re-
search to grow high-quality high-Tc superconductors [195,196]. Since then, it 
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has played an instrumental role in the field of complex oxide thin films growth. 
 
A schematic of the PLD setup used in this thesis is shown in Fig. 3.10 [197]. It 
consists of four main components: the laser pathways, the target holder setup, 
the substrate holder attached to a heater, and a reflection high energy electron 
diffraction (RHEED) system to monitor the thin film growth process. The 
pulsed laser is a KrF excimer laser (Lambda Physik) with 248 nm wavelength, 
pulse width of 15 ns, and pulse frequencies in the range of 1 – 10 Hz. The targets 
can be pressed powders mixed by weight according to the desired composition, 
or single crystals. Meanwhile, the substrates are obtained commercially from 
vendors. For the purpose of depositing LaAlO3 film on SrTiO3, the target and 
the substrate are LaAlO3 and surface-treated TiO2-terminated SrTiO3 single 
crystals, respectively, both obtained from CrysTec GmbH. The deposition 
chamber containing target holder, substrate holder, and RHEED setups are 
maintained at a minimum base pressure of 10-8 Torr. During deposition, the 
chamber pressure can be varied in the range of 10-1 – 10-6 Torr via O2 gas flow 
controlled by a mass flow controller (MFC). The deposition is usually per-
formed at high temperatures in the range of 600-850 ºC, controlled by a heater 
attached to the substrate holder. The heater can achieve maximum temperature 
of 1050 ºC, with a heating rate of 5 – 15 ºC per minute. 
 
PLD process works as follows. First, when pulsed laser strikes the target mate-
rial to be deposited, the material gets ablated and its vapor forms a plasma. The 
plasma expands into the surrounding vacuum in the form of a plume of energetic 
species containing the atoms and ions of the target material. As it expands, the 
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plume then reaches the substrate, mounted on a heater at a specific distance 
away from the target. The substrate collects the energetic species, resulting in 
thin film deposition of target material on the substrate. During deposition, the 
thin film growth is monitored using RHEED, as discussed below. 
 
 
Figure 3.10. Pulsed-laser deposition (PLD) technique. (a) Schematics of PLD 




3.3.3. Reflection high energy electron diffraction 
 
Reflection high energy electron diffraction (RHEED) is a surface characteriza-
tion technique that works by impinging high energy electrons into the sample 
surface at grazing incident and recording the diffraction pattern of the reflected 
electrons (Fig. 3.11). Due to the grazing incident, only atoms at the surface con-
tribute to the RHEED pattern, which makes it very sensitive to the surface mor-
phology of the sample [198]. Thus, it is very useful for many surface character-
ization purposes, such as probing the surface crystal symmetry and surface 
atomic reconstructions, detecting surface adsorbents, monitoring thin film 
growth at the surface, etc. Basic RHEED setup consists of two main parts: the 
electron gun that emits the high energy electrons, and the charged-couple device 
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(CCD) camera detector that records the diffraction pattern of the electrons after 
being reflected from the sample surface (Fig. 3.11(a)). 
 
 
Figure 3.11: Reflection high energy electron diffraction (RHEED) tech-
nique. (a) Schematics of RHEED process. (b) RHEED used in monitoring thin 
film growth, showing the oscillation of RHEED intensity with respect to the 




RHEED measurement results in RHEED diffraction pattern, as shown in Figs. 
3.12 (a) and (b). In PLD process, RHEED is used to monitor the layer-by-layer 
growth of the thin film by recording the intensity of the diffraction spots (usu-
ally the 0th order spot) over time as the thin film coverage increases (Fig. 
3.11(b)). For example, Fig. 3.12(c) shows the oscillation pattern of the 0th order 
RHEED spot intensity as 3 uc LaAlO3 thin film is deposited on top of SrTiO3 
(see Chapter 7 for details [71]). When the coverage is small (0 – 50 %), the 
intensity goes down from maximum to minimum. Then, as it increases (50 – 
100 % coverage), the intensity increases again to maximum. Thus, the minima 
in intensity represents half surface coverage (although it should not be under-
stood as a half uc growth). Therefore, precise counting of these minima and 
maxima in the RHEED oscillation pattern gives the number of uc of thin film 
that has been grown on the surface. 




Figure 3.12: Reflection high energy electron (RHEED) diffraction and os-
cillation patterns. (a) RHEED diffraction pattern of bulk SrTiO3. The bright 
spots indicate the three-dimensional crystallinity of SrTiO3. (b) RHEED diffrac-
tion pattern after deposition of 3 uc LaAlO3 film on SrTiO3. The streak patterns 
indicate the two-dimensional growth of LaAlO3 film. (c) Thin film growth mon-
itoring using RHEED, showing the RHEED oscillation patterns during the dep-




3.4. Sample characterization 
 
Besides probing their optical properties using SE and UV-VUV reflectivity, the 
samples are also characterized by other techniques to provide a thorough infor-
mation about their overall properties. In this thesis, techniques such as atomic 
force microscopy (AFM), X-ray diffraction spectroscopy (XRD), Rutherford 
backscattering spectrometry (RBS), and electrical transport measurements are 
used to probe the samples’ surface morphology, crystal structure, atomic com-
position, and electrical transport properties, respectively. The basic principles 
of these techniques are discussed in this section. 
 
3.4.1. Atomic force microscopy 
 
Atomic force microscopy (AFM) is a scanning probe microscope that works by 
mapping the atomic attraction or repulsion force between an atomically-sharp 
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tip with the atoms on the surface of the sample. It is usually used to probe the 
surface morphology of materials, for example before and after film growth dep-
ositions or surface treatments, from which various parameters such as surface 
roughness, surface termination, and height profile of specific surface features 
can be obtained. 
 
 
Figure 3.13: Atomic force microscopy (AFM) technique. (a) The Lennard-




The atomic force utilized by AFM is a short-range interaction force called the 
van der Waals force. The van der Waals interaction energy, U, between two 
atoms, located at a distance r from each other, can be defined from the Lennard-
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,                                 (3.40) 
where U0 and r0 are the appropriate energy and distance proportional constants, 
respectively. The overall interaction force contains contributions from both the 
long-distance attraction forces (first term in Eq. 3.40) and the short-range repul-
sion forces (second term in Eq. 3.40). The behavior of these interactions as a 
function of atomic distance is shown in Fig. 3.13(a). 





Figure 3.14: Atomic force microscopy (AFM) of SrTiO3. (a)The AFM sur-
face morphology image of TiO2-terminated SrTiO3. (b) Surface roughness pro-
file of TiO2-terminated SrTiO3, showing the unit cell step. The y-axis is the sur-
face roughness and the x-axis is the AFM scan length. The figures are partially 




The typical AFM setup is shown in Fig. 3.13(b). It consists of a sample stage, a 
laser diode, a photo detector, the atomically-sharp tip attached at the end of a 
cantilever, and a feedback control unit. As the tip is scanned across the sample 
surface, the cantilever bends towards or away from the surface due to the attrac-
tive or repulsive forces between the surface atoms and the tip. The deflection 
force, Fdefl, felt by the cantilever is proportional to the distance between the sur-
face and the tip, Δz, 
deflF k z  ,                                            (3.41) 
where k is the force constant of the cantilever, typically in the range of 10-3 – 50 
Nm-1. The deflection of cantilever is measured by a laser-based interferometer 
and used by the feedback control to adjust the height, z, of the tip from the sam-
ple surface. The feedback control also converts the deflection signals into real 
surface morphology. For surface-sensitive materials, instead of continuously 
dragging the tip across the surface (i.e., contact mode), a minimal-contact tap-
ping mode can be used. In this mode, the cantilever is driven to oscillate up and 
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down near its resonance frequency and the change in amplitude due to surface 
features is used to map the surface morphology. As an example, Fig. 3.14 shows 
the AFM surface image of TiO2-terminated bulk SrTiO3 and the surface rough-
ness profile extracted from the image, showing the unit cell step (see Chapter 7 
for details [71]). 
 
3.4.2. X-ray diffraction spectroscopy 
 
X-ray diffraction spectroscopy (XRD) is a characterization technique used to 
determine the crystal structure and orientation of materials. When a beam of X-
ray is incident on the crystal, the crystal structure causes the X-ray to diffract in 
various specific directions, and for a fixed X-ray wavelength, λ, each specific 
diffracted angle, θ, corresponds to a particular arrangement of atomic planes in 
the crystal. The criterion to have an X-ray diffraction is called the Bragg crite-
rion, expressed as 
2 sind n  ,                                        (3.42) 
where d is the spacing between the atomic planes and n = 1, 2, 3,… is the order 
of diffraction. The atomic spacing, d, depends on the orientation of the atomic 
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.                                 (3.43) 
Here, h, k, and l are the Miller indices which give the orientation of the atomic 
plane, while a, b, and c are the lattice constants of the crystal along the <100>, 
<010>, and <001> directions, respectively. Generally, the XRD spectrum is 
plotted as the diffracted intensity versus 2θ, and the peaks measured at different 
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2θ corresponds to the different atomic planes within the crystal. From the 2θ 
value of the peak, the atomic spacing, d, can be obtained from Eq. 3.43, and 
cross-referencing with X-ray crystallography library can reveal the orientation 
of the atomic plane. 
 
 
Figure 3.15: X-ray diffraction spectroscopy (XRD) spectra. The sample is 
bulk SrTiO3 treated at 950 ºC temperature and 5×10
-5 Torr pressure for 30 
minutes (see Chapter 6 for details [70]). The spectra show the XRD peaks asso-




In this thesis, the XRD measurements are performed using Bruker D8 Discover 
X-ray instrument. The X-ray is generated from a Cu Kα source operated at 40 
kV and 20 mA. The sample is mounted on a goniometer stage and the diffracted 
X-ray from the sample is collected by a detector. Fig. 3.15 shows the XRD spec-
tra of SrTiO3 after being treated at 950 ºC temperature and 5×10
-5 Torr pressure 
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3.4.3. Rutherford backscattering spectrometry 
 
Rutherford backscattering spectrometry (RBS) is a characterization technique 
used to determine the atomic composition and structure of a material, particu-
larly those of thin films. RBS works by irradiating high-energy α particles 
(4He2+) generated by an electrostatic accelerator on the sample. As the particles 
reach the sample surface, some of them are elastically backscattered from the 
surface atoms. Meanwhile, others penetrate through the sample and lose some 
of their energies due to collisions along the way, and then eventually backscat-
tered from atoms further inside the sample. The number and energy of these 
backscattered particles are then detected to form the RBS spectra, as shown in 
Fig. 3.16(a) (see Chapter 6 for details [70]). 
 
 
Figure 3.16: Rutherford backscattering (RBS) spectra. (a) RBS spectra of 
pristine and treated SrTiO3 samples (see Chapter 6 for details [70]). The x-axis 
(channel number) is related to the energy of the backscattered α particles, while 
the y-axis (yield) is related to the number of α particles with a particular 
backscattered energy. (b) Illustration showing how α particles backscattered 
from different types of atoms located at different depths have different backscat-
tered energy profiles in the resulting RBS spectra. 
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The energy of the backscattered α particles is proportional to both the atomic 
mass of the elements inside the sample and the depths at which those elements 
are located (Fig. 3.16(b)). Meanwhile, the number of α particles backscattered 
at a particular energy corresponds to the relative number of atoms of a particular 
element inside the sample. From these information, the elemental composition 
of the sample can be obtained. In the case of thin films, the depth information 
is also used to determine the thickness of the films. Besides that, in ion chan-
neling mode RBS can also be used to determine the crystal structure of the sam-
ple by channeling the α particles through specific crystallographic directions. 
 
 
3.4.4. Electrical transport measurements 
 
The electrical transport properties of the samples are mainly characterized using 
electrical resistance and Hall measurements. The measurements are performed 
using the Physical Property Measurement System (PPMS, Quantum Design 
Inc.). It is capable of applying magnetic field up to 9 T and performing various 
electrical measurements in temperature range of 4 – 200 K. The electrical 
Ohmic contacts are made using Al ultrasonic wire bonding (West Bond wire 
bonder) with bonding power of 300 – 400 W. In the case of LaAlO3/SrTiO3, 
this bonding power ensures that the bonded wires are able to penetrate the 
LaAlO3 film thickness of a few nanometers, allowing the interface to be ac-
cessed electrically. The measurements are performed using the Van der Pauw 
geometry [199]. 
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The electrical resistance measurement is used to determine the electrical con-
ductivity (σ) of the sample, while Hall measurement is used to determine its 
carrier density (N) and mobility (μ). In Hall measurement, the magnetic field, 
B, is applied along the z-axis perpendicular to the current in the sample, which 
flows along the x-axis. This causes the mobile carriers to experience a Lorentz 
force along the y-axis, perpendicular to both the current and magnetic field di-
rections, which results in accumulation of opposite charges along the axis. The 
transverse resistance along the y-axis, Rxy, is then measured to extract the carrier 
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 .                                              (3.45) 
The sign of RH can also give further information about the type of mobile carri-
ers in the sample. Negative RH indicates that the mobile carriers are electrons, 
while positive RH indicates holes. Lastly, the mobility can be obtained from 
electrical conductivity and carrier density as follows, 













The optical properties of the samples are probed using two main techniques: 
spectroscopic ellipsometry (0.5 – 5.6 eV) and ultraviolet – vacuum ultraviolet 
reflectivity (3.7 – 35 eV), which together can cover the broad energy range of 
0.5 – 35 eV. The samples, particularly the LaAlO3/SrTiO3 heterostructure, are 
fabricated using pulsed-laser deposition assisted with reflection high energy 
electron diffraction, which permits precise layer-by-layer growth. The surface 
morphology, composition, crystal structure, and electrical properties of the sam-
ples are characterized using atomic force microscopy, Rutherford backscatter-
ing spectrometry, X-ray diffraction spectroscopy, and electrical resistance and 
Hall measurements, respectively.





General analysis of optics data 
 
In this chapter, the general procedures used to obtain the complex dielectric 
function from the measured reflectivity and spectroscopic ellipsometry data of 
both bulk and multilayered materials are discussed. The analyses are mainly 
done via fitting with the Drude-Lorentz dielectric function model, performed 
using RefFIT fitting software. 
 
4.1. General analysis of spectroscopic ellipsometry data 
 
The measured quantities in SE, Ψ and Δ, represent the amplitude and phase ra-
tio, respectively, between the reflection coefficients of p- and s-polarized light, 
rp and rs (Eq. 3.23). In turn, rp and rs are related to the complex refractive indices 
(and thus the complex dielectric function, ε(ω), via Eq.3.9) of the measured ma-
terials through the Fresnel’s equations (Eqs. 3.7 and 3.8). For bulk samples, the 
measured Ψ and Δ depend only on the ε(ω) of one material, so the ε(ω) can be 
analytically obtained from the measured Ψ and Δ. However, the analysis of mul-
tilayered samples (i.e., a stratified medium) is more complex, due to the inter-
ference between the light reflected from the surface and those reflected from the 
interface(s). Furthermore, the measured Ψ and Δ data also depend on the ε(ω) 
and thicknesses of their constituent materials. In this case, the consideration of 
how light would propagate through the stratified medium needs to be taken into 
account when analyzing the Ψ and Δ data. 
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4.1.1. Spectroscopic ellipsometry analysis of bulk materials 
 
In optics, a material can be considered as a bulk material when its thickness, d, 
is more than five times the penetration depth, D, of light, i.e., d > 5D [175]. In 
this case, the measured Ψ and Δ can be simply expressed according to Eqs. 3.7, 
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.       (4.1) 
This means, assuming the ñi of the ambient and the incident angle, θi, are known, 
the measured ρ, Ψ, and Δ depend only on the ε(ω) of the bulk material (εbulk), 
   bulk bulk bulkn     .                               (4.2) 
Thus, εbulk can be directly obtained from Ψ and Δ using direct analytical manip-
ulations of Eqs. 3.9 and 4.1. For example, Fig. 4.1(a) shows the measured Ψ and 
Δ spectra of bulk SrTiO3 at 70º incident angle, and Fig. 4.1(b) shows the corre-
sponding ε(ω) analytically obtained from the measured Ψ and Δ data. In turn, 
this obtained ε(ω) can be further converted into self-normalized reflectivity via 
Eqs. 3.7-3.9 as shown in Fig. 4.1(c), to be used in the normalization process of 
UV-VUV reflectivity data (see Section 4.2 for details). 
 




Figure 4.1: Spectroscopic ellipsometry spectra of SrTiO3. (a) The measured 
Ψ and Δ spectra of SrTiO3 obtained using spectroscopic ellipsometry at 70º in-
cident angle. (b) The corresponding complex dielectric function, 
     1 2i       , of SrTiO3 analytically obtained from the measured Ψ and 
Δ spectra. (c) The self-normalized reflectivity of SrTiO3 extracted from the el-
lipsometry-derived ε(ω) spectra [69,71]. 
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4.1.2. Spectroscopic ellipsometry analysis of multilayered materials 
 
When light is incident on a multilayered materials, the amplitude and phase of 
the reflected light depend on the interference of the portion light reflected from 
its surface and the portions reflected from its interfaces. For example, based on 
the analysis of wave propagation through a stratified medium, the p- and s-po-
larized reflection coefficient of a thin film on a substrate (i.e., a two-layered 
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Here, the subscripts ‘0’, ‘1’, and ‘2’ denote the ambient, the thin film, and the 
bulk substrate, respectively, which are the various materials involved in the light 
propagation. From both of Eq. 4.3, the Ψ and Δ of a two-layered system can 
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From Eqs. 3.7 – 3.9, 4.4, and 4.5, it can be seen that the ρ, Ψ, and Δ of a two-
layered system depend on the ε(ω) of both the film (εfilm) and the substrate (εsubs), 
along with the film thickness (dfilm), 
 2layer film subs film, ,d    ,                               (4.6) 
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and a detailed analysis is required to separate them. 
 
 
Figure 4.2: Schematics of light reflection and transmission on multilayered 
systems. (a) Light reflection and transmission on two-layered systems. (b) Light 




If the film thickness is known by other means (for example from the RHEED 
oscillation data described in Chapter 3) and the properties of the substrate are 
not expected be significantly affected by the presence of the film, the Ψ and Δ 
spectra of the bare substrate can be separately measured, and from that its ε(ω) 
can be separately obtained. In this case, the ρ, Ψ, and Δ of the multilayer become 
dependent only on εfilm, 
 2layer film   ,                                       (4.7) 
and thus εfilm can be straightforwardly obtained from the measured Ψ and Δ of 
the multilayer by function inversion or fitting analysis of Eq. 4.7 via Eqs. 3.7 – 
3.9, 4.4, and 4.5 (see Section 4.3 for details). After the analysis, the extracted 
εfilm, along with the known εsubs and dfilm, can then be used via Eqs. 3.7 – 3.9 and 
4.3 to obtain the self-normalized reflectivity of the material needed in the nor-
malization of UV-VUV reflectivity spectra. 
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Likewise, if the ε(ω) of the film can be reasonably assumed to not be signifi-
cantly different from its bulk counterpart or other existing data, the established 
εfilm can be used in the analysis to estimate the film thickness, since in this case 
the ρ, Ψ, and Δ of the multilayer are instead dependent only on dfilm, 
 2layer filmd  .                                      (4.8) 
Many commercialized ellipsometry systems usually have established ε(ω) da-
tabases for common materials that can be used in this manner as a standard tool 
to estimate the film thickness in sample fabrication processes. 
 
However, if both εfilm and dfilm are unknown and there is only one set of Ψ and 
Δ, the analysis becomes more complex because there are two unknowns but 
only one equation (Eq. 4.5), preventing a straightforward mathematical solu-
tion. The simultaneous estimation of both is a central issue in ellipsometry anal-
ysis, discussed in more details in Chapter 5 [69]. 
 
The expressions in Eq. 4.3 can be expanded to include more layers. If the mul-
tilayered system has three layers, for example if two different films, one on top 
of the other, are deposited on a substrate (Fig. 4.2(b)), its p- and s-polarized 
reflection coefficient can be expressed as [181], 
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.       (4.9) 
Here, the subscripts ‘0’, ‘1’, ‘2’, and ‘3’ denote the ambient, first film at the top, 
second film at the middle, and the substrate at the bottom, respectively. Simi-
larly, the ρ, Ψ, and Δ of this three-layered system can be expressed by entering 
Eq. 4.9 into Eq. 3.23. Assuming the thicknesses of both films are known and 
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the ε(ω) of the substrate is separately measured, the ρ, Ψ, and Δ of the multilayer 
depend on the ε(ω) of both films, εfilm,1 and εfilm,2, 
 3layer film,1 film,2,    .                                     (4.10) 
Again, if there is only one set of Ψ and Δ data, the simultaneous estimation of 
both εfilm,1 and εfilm,2 cannot be done straightforwardly because there are more 
unknowns than equation (Eq. 4.10), and a detailed analysis is required to extract 
them (see Chapter 5 for details [69]). 
 
Equation 4.9 can also be used to express the reflectivity of multilayered systems 
with significant interface effects. For example, if the deposition of a thin film 
on a substrate (an apparent two-layered system) results in a significant interface 
layer whose properties are distinct from both the film and the substrate, the mul-
tilayer needs to be treated as an effective three-layered system, and its reflectiv-
ity follows Eq. 4.9 instead of Eq. 4.3. In this thesis, this is the case for (conduct-
ing) LaAlO3/SrTiO3 heterostructure, since the properties of the conducting 
2DEG at the interface can be very distinct from both the LaAlO3 film and the 
SrTiO3 substrate. 
 
4.2. General analysis of UV-VUV reflectivity data 
 
Unlike the self-normalized SE data, the as-measured UV-VUV reflectivity 
spectra are not inherently normalized. Thus, the first step in analyzing UV-VUV 
reflectivity data is by properly normalizing it using the self-normalized reflec-
tivity extracted from SE. After that, the complex dielectric function ε(ω) of the 
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material can be obtained from the normalized reflectivity using the Kramers-
Kronig analysis [57-64]. 
 
4.2.1. Reflectivity normalization 
 
The normalization procedure of the UV-VUV reflectivity spectra (3.7 – 35 eV) 
can be described as follows [54,56]. First, the raw spectra is normalized against 
the gold mesh current and NaC7H5O3 luminescence yield spectra using proce-
dures described in Chapter 3, resulting in the calibrated UV-VUV reflectivity 
spectra (for example the one shown in Fig. 3.9). Then, due to the self-normal-
ized nature of SE (0.5 – 5.6 eV), the ellipsometry-derived reflectivity (for ex-
ample the one shown in Fig. 4.1(c)) is used to normalize the low-energy side of 
the calibrated spectra within the range of 3.7 – 5.6 eV. Meanwhile, the high 
energy part (above 30 eV) is normalized using calculations based on off-reso-
nance scattering considerations according to [200], 








 ,                                (4.11) 
where r0 is the classical electron radius (
2 2e mc ), 𝜆 is the photon wavelength, 
Pf(θ) is the polarization factor (equal to 1 for s-polarized light and equal to cos 
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The summation is performed over the different types of atoms on a particular 
atomic plane on which the light is incident, with nq denotes the number of atoms 
of type q in that particular plane, fq denotes the tabulated atomic form factor 
corresponding to that atom q, and zq denotes the direction vector normal to the 
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plane in question. Thus, from this procedure, the normalized reflectivity spectra 
in the range of 0.5 – 35 eV can be obtained. As an illustration for the normali-
zation process, Fig. 4.3 shows the normalized high-energy reflectivity spectra 
(0.5 – 35 eV) of SrTiO3 as compared to the self-normalized reflectivity obtained 
from SE (0.5 – 5.6 eV), the calibrated but unnormalized UV-VUV reflectivity 
(3.7 – 35 eV), and the off-resonance considerations (above 30 eV). 
 
 
Figure 4.3: Normalization process of the high-energy reflectivity of SrTiO3. 
The normalized high-energy reflectivity (0.5 – 35 eV) of SrTiO3 is compared to 
the self-normalized reflectivity obtained from spectroscopic ellipsometry (0.5 – 
5.6 eV), the (unnormalized) calibrated UV-VUV reflectivity (3.7 – 35 eV) from 
the UV-VUV reflectivity measurements (scaled down by 20×), and the calcu-
lated reflectivity from off-resonance considerations (above 30 eV) [69,71]. The 
calibrated reflectivity is normalized by further scaling it down to match the 
spectroscopic ellipsometry and the off-resonance spectra, and then the three 
spectra are appended together to obtained the normalized reflectivity in the full 




4.2.2. Kramers-Kronig analysis 
 
For isotropic bulk materials, the ε(ω) can be extracted from the normalized high-
energy reflectivity using the Kramers-Kronig analysis [57-64]. The procedure 
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is as follows. The reflectivity,    
2
R r  , and the phase difference be-
tween the incoming and outgoing photon, φ, are related through the Kramers-
Kronig transformation according to 
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where P is the Cauchy principal value and φ0 is the initial phase of the incoming 
photon. From Eq. 4.14, it can be seen that the Kramers-Kronig transformation 
involves integration from zero to very high photon frequencies. This is the ad-
vantage of high-energy reflectivity used in this thesis, since it can cover a very 
broad photon of energy range of 0.5 – 35 eV, ensuring a stabilized Kramers-
Kronig transformation. 
 
After φ is obtained from the Kramers-Kronig transformation of R, the refractive 




















.                                 (4.15b) 
Finally, the real (ε1) and imaginary (ε2) parts of ε(ω) can be obtained from n and 
κ via 
2 2
1 n                                            (4.16a) 
and 
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2 2n  .                                          (4.16b)  






























,                  (4.17b) 
where σ0 is the direct current (DC) conductivity (see Section 4.3 for details). 
 
The Kramers-Kronig analysis can be either done directly through function in-
version (i.e., by directly inverting Eqs. 4.13 – 4.16), numerical approximation, 
or fitting. In this thesis, the analysis is done by fitting using the Kramers-Kro-
nig-transformable Drude-Lorentz oscillators, as discussed in Section 4.3. If the 
material is multilayered, the Kramers-Kronig analysis needs to be expanded to 
include the additional layers. In general, the principles and concerns in analyz-
ing the reflectivity of a multilayered system are similar to the analysis of its SE 
data, as discussed in Section 4.1. 
 
4.3. Fitting analysis 
 
The analyses of SE and high-energy reflectivity of both bulk and multi-layered 
materials are often quite complex to solve directly using analytical means. Be-
cause of this, the analyses are often done by fitting the measured data with die-
lectric function models. In this thesis, the dielectric function model used in fit-
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ting the SE and high-energy reflectivity data is the Kramers-Kronig-transform-













 .                          (4.18) 
Here, ε∞ denotes the high-frequency dielectric constant, while ωp,k, ω0,k, and Γk 
represent the plasma frequency, the transverse frequency (eigenfrequency), and 
the line width (scattering rate) of the k-th oscillator, respectively. The fitting 
procedure itself is done using a fitting software called RefFIT [64,201]. 
 
4.3.1. Lorentz model 
 
In the Lorentz model [175,177,178,180-182], the electric polarization is mod-
eled as shown in Fig. 4.4(a). The negatively-charged electron is bound to the 
positively-charge ion by a spring with a certain spring coefficient, kF, and damp-
ing coefficient, Γ. When light is shone, the oscillating electric field component 
of the light,  0 expE E i t , would drive this system, causing it to oscillate as 
well. If the ion position is assumed to be fixed, the corresponding equation of 









m m m x eE i t
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      ,                 (4.19) 
where me and e are the mass and charge of the electron, respectively, while 
0 F ek m   is the natural frequency of the spring. In steady state, if the solution 
to Eq. 4.19 is in the form of 
   expx t A i t ,                                     (4.20) 
Eq. 4.20 can be substituted into Eq. 4.19 to get 








m i  
 
  
.                                  (4.21) 
 
From Eqs. 4.20 and 4.21, the electric polarization, p, caused by the incident light 
is given by 
     expp t ex t eA i t    .                           (4.22) 
The total polarization of a system, P, is defined as the number of electric polar-
ization per unit volume, V, 
   e e exp
p
P N ex t eN A i t
V
    

,                       (4.23) 
where Ne is the number of electrons per unit volume. Meanwhile, for a linear 







  ,                                             (4.24) 
where ε0 is the vacuum permittivity. Substituting the expressions for P and E 
into Eq. 4.23 results in, 
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  is the plasma frequency. The real (ε1) and imaginary (ε2) 





























 .                              (4.26b) 
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The expressions in Eqs. 4.25 and 4.26 are the Lorentz dielectric function oscil-
lator model. The example of the real and imaginary parts of a Lorentz oscillator 
is shown in Fig. 4.4(b). 
 
 
Figure 4.4: Lorentz dielectric function model. (a) Schematic of electron mo-





In general, since different electrons can have different energy levels (i.e., dif-
ferent spring coefficient, kF), there can be several oscillators with different nat-
ural frequencies, ω0, contributing to the dielectric function. In this case, the Lo-
rentz dielectric function is given by Eq. 4.18, and its real and imaginary parts 


















                          (4.27a) 
and 


















  ,                           (4.27b) 
where the constant ‘1’ in Eq. 4.26a has been generalized to the high-frequency 
dielectric constant, ε∞. 
 
4.3.2. Optical conductivity and f-sum rule 
 
The analysis of ε(ω) of a material is important because it can be linked to the 
effective number of electrons excited by photons, as follows. First, ε(ω) is re-






  .                                        (4.28) 
In the Lorentz model the real (σ1) and imaginary (σ2) parts of the optical con-
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 .            (4.29b) 
Then, σ1(ω) is related to the total number of electrons excited by photons, Ntot, 













 ,                                  (4.30) 
where V is the unit volume. From here, the effective number of electrons excited 
by photons within a particular energy range, Neff, can be extracted from σ1(ω) 
using the partial f-sum rule, 














  ,                               (4.31) 
where 2E h   is the photon energy, h is the Planck constant, and EL and EU 
are the lower and upper boundaries of the concerned photon energy range, re-
spectively. Due to the charge conservation law, the decrease of Neff in one part 
of the photon energy spectrum must be compensated by an equivalent increase 
of Neff in another part of the spectrum. This allows one to study the various 
charge transfers and redistributions that can happen on the samples. 
 
4.3.3. Drude model 
 
A special case of the Lorentz model when the natural frequency, ω0, is zero is 
called the Drude model [178,180,181], which is why the Lorentz model is also 
called the Drude-Lorentz model. In this model, the spring coefficient, kF, is zero, 
which means that the electron in Fig. 4.4(a) is completely detached from the 
positive ion and behaves as a free electron. Thus, the Drude model is suitable to 
illustrate the optical response of metals and semiconductors containing mobile 
carriers [202,203]. By setting ω0 = 0 in the Lorentz model, the Drude dielectric 










,                                      (4.32) 
where Γf now represents the scattering experienced by the free electrons, and 









 .                                           (4.33) 
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Here, Nef is the number of free electrons per unit volume. The real and imaginary 























 .                                    (4.34b) 
Fig. 4.5 shows the real and imaginary parts of Drude-Lorentz oscillators with 
both the Lorentz component (ω0 ≠ 0) and the Drude component (ω0 = 0). 
 
In Drude model, the damping term, Γf, is related to the scattering rate of the 
electrons, as discussed below. If the mean scattering time is <τ>, the equation 






    .                                     (4.35) 
In steady state, the solution of Eq. 4.35 has the form of  0 expv v i t   , 
and by substituting this solution back into Eq. 4.35, the mean velocity, <v>, can 









 .                                         (4.36) 




Figure 4.5: Drude-Lorentz dielectric function model. (a) Real part (ε1) of 
Drude-Lorentz dielectric function model. (b) Imaginary part (ε2) of Drude-Lo-




Meanwhile, the complex conduction current, Jc, can be expressed as, 
c efJ N e v E   .                                    (4.37) 
From Eqs. 4.36 and 4.37, the σ can then be expressed as, 
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       is the DC conductivity of the material. 
The real and imaginary parts of σ are given by, 























.                                  (4.39b) 
 
On the other hand, σ is related to ε (in cgs unit) through Eq. 4.28, so if Eqs. 4.33 




































.                             (4.40b) 
Thus, Eq. 4.40 is equivalent to 4.39 if the damping coefficient, Γf, is equal to 




  .                                               (4.41) 
 
4.3.4. Sellmeier and Cauchy models 
 
Another special case of the Lorentz model in the photon energy region where ε2 
= 0 is called the Sellmeier model [175]. This model can be derived from the 
Lorentz model by assuming that Γ  0 (so that ε2  κ  0, see Eq. 4.27b) when 
ω << ω0 to get, 
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 ,                         (4.42) 
where 2 c    and 
0, 0,2k kc   . The Sellmeier model is then expressed by 
rewriting Eq. 4.42 into 
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 ,                        (4.43) 
where A and Bk represent the fitting parameters to be varied during the fitting 
analysis. 
 
The Sellmeier model can be further simplified to obtain the Cauchy model 
[175]. This is done by expanding and rewriting Eq. 4.43 to the form of 




     ,                              (4.44) 
where A, B, and C are the fitting parameters. The advantage of the Cauchy 
model is that in most cases where it can apply, it has far fewer fit parameters 
(only three parameters for the whole photon energy range where it applies) than 
the Drude-Lorentz model (three parameters per each oscillator, with each oscil-
lator only corresponds to one particular optical transition, see Eq. 4.18), which 
can lead to faster and more reliable fitting analyses. 
 
4.3.5. Closeness of fit and error analysis 
 
The closeness of the fitting process denotes how well the fitted optical parame-
ters can fit the experimental data. One way to represent this is by the so-called 
‘chi-square’ (χ2) function [204,205]. For example, the chi-square function of 
reflectivity fitting can be expressed as, 





















    
 ,                (4.45) 
where M and P are the number of measurement points and fitting parameters, 
respectively, while Rex, Rfit, and ΔRex are the measured reflectivity, fitted reflec-
tivity, and the experimental errors of the measured reflectivity, respectively. The 
closeness of fit of other measured data can also be expressed using similar ex-
pression as Eq. 4.45. The goal of the fitting procedure is to minimize this chi-
square function with respect to the fitting parameters, and the fitting is per-
formed until an optimized least-chi-square fitting is achieved. If χ ~ 1, it means 
that the fitting is sufficiently good, while if χ >> 1, the fitting has not yet 
matched the experimental data [175]. If χ < 1, that means the experimental er-
rors have been overestimated. 
 
In the case of the UV-VUV reflectivity measurement described in Chapter 3, 







, can be ob-







, estimated to be ~2%, and from the errors introduced in the reflectivity normal-
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 can be obtained from 
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the mean square error (MSE) estimation according to 
 
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,  the overall size of errors that af-
fect the reflectivity data is thus, 
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, and thus the errors for the 












    ,                             (4.49) 
based on Eqs. 3.7 – 3.9 and 4.28. 
 
4.3.6. Fitting analysis using RefFIT 
 
In this thesis, most of the fitting analyses are performed using a fitting software 
called RefFIT [64,201]. RefFIT is a powerful tool capable of fitting many kinds 
of optical spectra, such as reflectivity, transmission, Ψ and Δ, complex dielectric 
function, optical conductivity, loss function, etc. This versatility comes from the 
idea that most of other optical properties can be expressed in terms of ε(ω), 
which means that if the ε(ω) of a material can be known, its other optical prop-
erties can also be obtained. Thus, the primary aim of the optical analysis in Ref-
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FIT is to extract the ε(ω) of the material from the experimentally-measured op-
tical spectra such as reflectivity or Ψ and Δ. This is done by fitting the measured 
spectra with a suitable dielectric function model (such as the Drude-Lorentz 
model expressed in Eq. 4.18), and adjusting the parameters of the model until 
the best match between experimental and fitted data is achieved (i.e., until the 
chi-square of the fitting is minimized). For example, if the Drude-Lorentz model 
is used, the adjustable parameters would be the natural frequency, ω0, the 
plasma frequency, ωp, and the scattering rate, Γ. 
 
In order to increase the accuracy of the fitting, there are several restrictions that 
can be placed on the fitting procedure. First, since dielectric function is a phys-
ical property, there are some physical restrictions that have to be taken into ac-
count during the fitting process, such as: 
a. ε1(ω) = ε1(–ω) and ε2(ω) = ε2(–ω), thus it is sufficient to model the ε(ω) for 
ω ≥ 0. 
b. ε2(ω>0) ≥ 0, since the intensity of the light cannot increase in the direction 
of propagation. 
c. At very high frequencies, the optical properties of matter resembles those of 
vacuum: ε1(ω→∞) → 1 and ε2(ω→∞) → 0. 
d. The ε1(ω) and ε2(ω) are coupled via the Kramers-Kronig relationship ex-
pressed in Eq. 4.17. 
Then, if a particular sample is probed using different optical techniques (such 
as reflectivity and SE) at different experimental conditions (such by using dif-
ferent light incident angles), the data from these measurements should be fit 
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simultaneously. This is because the ε(ω) of the material is intrinsic to that ma-
terial and independent from experimental conditions. Thus, an accurate dielec-
tric function fitting should be able to achieve a universal fit that can match the 
experimental data obtained using these different experimental techniques and 
conditions simultaneously. 
 
RefFIT has several fitting modes and dielectric function models to fit different 
types of samples. In this thesis, two fitting modes are generally used: the default 
fitting mode to fit the reflectivity spectra of bulk materials and the multilayer ‘-
33’ mode to fit the reflectivity, Ψ, and Δ spectra of multi-layered system. In 
these two cases, the Drude-Lorentz model is used to model the complex dielec-
tric function of the material. 
 
4.3.6.1. Default fitting mode 
 
The default fitting mode of RefFIT is mainly used to fit the reflectivity of bulk 
materials. For example, Fig. 4.6 shows the default mode of RefFIT being used 
to fit the reflectivity of bulk SrTiO3. In this mode, each Drude-Lorentz oscillator 
is represented by one set of ω0, ωp, and Γ parameters (shown as W0, Wp, and G 
in Fig. 4.6). Since different photon energies can excite different electrons from 
different occupied states into different unoccupied states, the spectra needs to 
be fit by several oscillators with different ω0. For example, in Fig. 4.6, 67 oscil-
lators are used to fit the reflectivity of SrTiO3 within the photon energy range 
of 0.5 – 35 eV. The fit is performed by adjusting the parameters of these oscil-
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lators until the Drude-Lorentz-derived reflectivity can match the experimen-
tally-measured data and an optimized least-chi-square fit can be achieved. After 
that, the ε(ω) of the bulk material by summing up the fitted oscillators according 
to Eq. 4.18. From this extracted ε(ω), other optical properties such as optical 
conductivity and loss function can be derived using the appropriate expressions. 
 
 
Figure 4.6: Default fitting mode of RefFIT. The screen capture shows the de-
fault fitting mode of RefFIT is used to fit the reflectivity spectra of bulk SrTiO3. 
The red dotted line is the measured reflectivity data while the black line is the 




4.3.5.2. Multilayer ‘-33’ mode 
 
The analysis of optical spectra of a multilayered system is more complex than 
bulk materials because its reflectivity, Ψ, and Δ depend on the ε(ω) and thick-
ness of each of its constituent materials (Eqs. 4.3 – 4.5 and 4.9). In RefFit, this 
analysis is done using the multilayer ‘-33’ mode, as shown in Fig. 4.7 where 
this mode is used to fit the reflectivity of 4 uc LaAlO3/SrTiO3. The fitting pro-
cedure in this mode is as follows. First, a “composite model” (Model1 in Fig. 
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4.7) is used to model the geometry of the multilayered sample and the experi-
mental setup. The first “oscillator” (oscillator 1) within this composite model is 
used to denote the incident angle and polarization of the incoming light, while 
subsequent “oscillators” are used to denote the thickness of each constituent 
layer. The geometry of the sample is represented by the sequence of these sub-
sequent “oscillators” (for example, in Fig. 4.7 oscillator 2 is used to represent 
the top LaAlO3 film layer, oscillator 3 the middle interface layer, and oscillator 
4 the bottom SrTiO3 substrate, see Chapter 5 for details [69]). 
 
 
Figure 4.7: Multilayer ‘-33’ mode of RefFIT. The screen capture shows the 
multilayer ‘-33’ mode of RefFIT is used to fit the reflectivity spectra of 4 uc 
LaAlO3/SrTiO3. The red dotted line is the measured reflectivity data while the 
black line is the fitted reflectivity. The x-axis is the photon wavenumber in cm-




After that, several other models, each containing a number of Drude-Lorentz 
oscillators, are added to represent the ε(ω) of each constituent layer (for exam-
ple, in Fig. 4.7 Model2 is used to represent the LaAlO3 film layer, Model3 the 
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interface layer, and Model4 the SrTiO3 substrate). Then, the Drude-Lorentz pa-
rameters of these models are adjusted until the composite reflectivity of the 
composite model can match the experimental data. If the ε(ω) of the substrate 
is already known from other measurements and has been fitted using the RefFIT 
default mode, its Drude-Lorentz parameters are kept fixed so that the ε(ω) of 




The analysis of the measured reflectivity and spectroscopic ellipsometry data to 
obtain the complex dielectric function of the materials is mainly done using 
Drude-Lorentz oscillator fitting method. The analysis of a bulk system is rela-
tively straightforward, since its reflectivity depends only on the complex die-
lectric function of one material. On the other hand, the analysis of a multilayered 
system is more complex, because its reflectivity depends on the complex die-
lectric function of each of its constituent materials, and a detailed analysis is 
required to separate them. 





Self-consistent iteration procedure 
 
For multilayered materials, reflectivity depends on the complex dielectric func-
tion of all the constituent layers, and a detailed analysis is required to separate 
them. Furthermore, in some cases new quantum states can occur at the interface 
which may change the optical properties of the material. In this chapter, a ver-
satile self-consistent iteration procedure to extract and separate the complex 
dielectric function of each individual layer of a multilayered system from reflec-
tivity and spectroscopic ellipsometry data is presented. As a case study, the pro-
cedure is applied to LaAlO3/SrTiO3 heterostructure to separate the effects of the 
interface from the LaAlO3 film and the SrTiO3 substrate. The procedure can be 
extended to other complex multilayered systems with various number of layers. 
 
My main contributions in the work discussed in this chapter are in planning the 
experiment, measuring the data using spectroscopic ellipsometry and ultraviolet 
– vacuum ultraviolet reflectivity, and devising the self-consistent iteration pro-
cedure used to analyze the resulting optical spectra. The samples are prepared 
using pulsed-laser deposition and characterized using electrical transport meas-
urements by Dr. A. Annadi, Asst. Prof. Ariando, and Prof. T. Venkatesan in 









For an isotropic bulk material, the Kramers-Kronig analysis [57-64] to extract 
its complex dielectric function ε(ω) is straightforward, since the measured re-
flectivity and SE data only depends on the ε(ω) of one material. On the other 
hand, if the material is composed of several layers (i.e., a multilayer), the anal-
ysis becomes more complex because the reflectivity now depends on the ε(ω) 
of all constituent layers, along with the associated interference effects between 
the light reflected from the surface and those reflected from the interface(s). 
 
For example, the reflection coefficient of a typical two-layered system com-
posed of a film on a substrate can be expressed according to Eq. 4.3 [175,181]. 
Assuming the ε(ω) of the substrate is known, the reflectivity of the system 
mainly depends on two parameters: the ε(ω) and the thickness of the film. If 
either of the two can be estimated by other means, the other unknown one can 
be obtained straightforwardly from Eqs. 3.9, 4.1, 4.3, and 4.4 (see Chapter 4). 
However, if both are unknown, their simultaneous estimation becomes more 
complex because there are two unknowns but only one equation (Eq. 4.3), which 
is a central issue in reflectivity and ellipsometry analysis. 
 
In particular for ellipsometry, a few commercialized ellipsometry systems do 
already have the analysis tools to do simultaneous estimation of both the film 
thickness and its ε(ω), although the sophistication of the tools varies greatly 
between vendors. In these ellipsometry systems, the general analysis procedure 
is usually as follows [175]: 
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a. If the film has photon energy regions where its absorption can be generally 
assumed to be zero (i.e., ε2 = 0), such as below the bandgap of semiconduc-
tors and insulators, the thickness of the film can be estimated by modelling 
the ε(ω) within those energy regions with the much simpler Cauchy model 
(Eq. 4.44). Since in this model there are only very few parameters to fit, it 
can lead to a fast and stable fitting analysis. 
b. After the thickness is known from step a, the overall ε(ω) for the whole 
photon energy range can be extracted by either direct mathematical inver-
sion of Eqs. 3.9, 4.1, 4.3, and 4.4 or fitting with more complex ε(ω) models 
such as the Drude-Lorentz model (Eq. 4.18). 
 
However, there are some limitations to this general approach, such as: 
a. If the ε(ω) of film is completely unknown, the photon energy region where 
ε2 = 0 is also not known, so the simpler fitting analysis with Cauchy model 
cannot be performed. Similarly, if the film is metallic, it has no bandgap and 
thus the photon energy region where ε2 = 0 cannot also be easily determined. 
b. If the multilayer has multiple layers of films composed of different materi-
als, and the ε(ω) of each film is unknown (or different from their bulk 
forms), the fitting becomes more complicated because in this case there are 
more fitting parameters to be fit, which can lead to more unstable fitting and 
unphysical results. 
c. The complicated fitting problem also occurs if the properties of the substrate 
are affected by the presence of the films. For example, if parts of the sub-
strate near the interface become modified due to the presence of the films 
(such as the case of LaAlO3/SrTiO3 interface [29]), then in the analysis the 
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interface needs to be treated as an effective additional layer. So, even if the 
system is composed of only one layer of thin film on top of a substrate (an 
apparent two-layered system), it needs to be treated as if it was a three-lay-
ered one due to the presence of the interface layer. 
 
To overcome these limitations, in this chapter a self-consistent iteration proce-
dure, a versatile method to extract and separate the ε(ω) each individual layer 
of a multilayered system, is presented [69]. The iteration procedure has several 
features that can address the limitations described above. First, the procedure 
does not need the layers to have photon energy regions where their ε2 = 0 to 
estimate their thicknesses due to its more general approach. Second, at each 
particular fitting step in the iteration, only the ε(ω) of one unknown layer is 
being fit and the rest are kept fixed, which effectively reduces the number of fit 
parameters that are being simultaneously varied. As a case study, the procedure 
is applied to the LaAlO3/SrTiO3 heterostructure [29] to separate the effects of 
the interface from the LaAlO3 film and the SrTiO3 substrate. With appropriate 
adjustments, the procedure can be extended to other complex multilayered sys-
tems with various numbers of layers. 
 
5.2. Case study: LaAlO3/SrTiO3 heterostructure 
 
For the case study, four samples of LaAlO3/SrTiO3 with varying thicknesses of 
LaAlO3 (2, 3, 4, and 6 uc, respectively) are prepared using techniques described 
in Chapter 3 [39] and Chapter 7 [71]. From electrical transport measurements, 
it is known that the 2 and 3 uc samples are insulating with carrier density and 
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conductivity below the measurement limit, while the 4 and 6 uc ones are con-
ducting with carrier density of 4-6×1013 cm-2 and conductivity of 4-8×10-5 Ω-1 
(Fig. 5.1(a)), consistent with previous results (Fig. 2.6) [12,37,39,42]. Bulk 
LaAlO3 and bulk SrTiO3 samples are also prepared for comparison. The reflec-
tivity is obtained using a combination of spectroscopic ellipsometry (0.5 – 5.6 
eV), and UV-VUV reflectivity (3.7 – 35 eV) [54-56] (see Chapter 3). 
 
Due to the presence of conducting interface in conducting LaAlO3/SrTiO3, the 
LaAlO3/SrTiO3 heterostructure (particularly the conducting cases) can be con-
sidered as having three layers: the LaAlO3 film layer at the top, the bulk SrTiO3 
layer at the bottom and an interface layer sandwiched between the two at the 
middle, representing the quasi-2DEG at the interface (Fig. 5.1(b)), consistent 
with previous observation using cross-sectional CT-AFM [136]. According to 
the analysis of wave propagation in a stratified medium (Eq. 4.9) [181], the re-
flection coefficient of such three-layered LaAlO3/SrTiO3 can be expressed as 
 fLaAlO intfLaAlO 33 int
3 3 3 3 3 3
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3 3 3 3 3
22 2
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where the subscripts ‘amb’, ‘multi’, ‘fLaAlO3’, and ‘int’ represent the ambient, 
the LaAlO3/SrTiO3 heterostructure, the LaAlO3 film, and the interface layer, 
respectively. The light phase, δ, is defined with respect to the layer thickness, d, 
and incident angle, θ, in Eq. 4.4.  
 




Figure 5.1: Conductivity and multilayer consideration of LaAlO3/SrTiO3. 
(a) Carrier density and conductivity of LaAlO3/SrTiO3 obtained electrical 
transport measurements, showing the LaAlO3-thickness-dependent insulator-





Thus, the reflection coefficient, reflectivity (    
2
amb,multi amb,multiR r  ), 
and, by extension via Eq. 3.23, ρ, Ψ, and Δ, of LaAlO3/SrTiO3 contains mixed 
information from all the three constituent layers [206,207], 
 
3 3 3amb,multi fLaAlO int SrTiO fLaAlO int
, , , , ,R R d d    ,                    (5.2a) 




3 3 3amb,multi fLaAlO int SrTiO fLaAlO int
, , , , ,d d      .                   (5.2b) 
This makes the simultaneous extraction of the ε(ω) of each individual layer non-
trivial, because there are too many unknown factors involved. Since ε(ω) of the 
bulk SrTiO3 substrate, 
3SrTiO
 , can be measured independently using procedures 
detailed in Chapter 3 and Chapter 4 and LaAlO3 film thickness, 
3fLaAlO
d , of each 
sample are known from RHEED measurements during LaAlO3 film deposi-
tions, Eqs. 3.7 – 3.9, 3.23, 4.4, and 5.1 result in three unknown variables: ε(ω) 
of LaAlO3 film, 
3fLaAlO
 , (which might be different from that of bulk LaAlO3), 
ε(ω) of interface layer, int , and the thickness of the interface layer, intd , along 
with the variable incident angle, θ, 
 
3amb,multi fLaAlO int int
, , ,R R d   ,                             (5.3a) 
 
3amb,multi fLaAlO int int
, , ,d     .                            (5.3a) 
(Note that even though ε(ω) has real and imaginary parts, they are connected 
through the Kramer-Kronig relationship, see Eq. 4.17.) This poses a challenge, 
because (assuming there is no change in εSrTiO3 across the samples) there are 
three unknowns but only one equation (Eq. 5.1), which prevents a straightfor-
ward mathematical solution [207]. 
 
To overcome this problem, it can be noted that the light phase, δ, in Eq. 4.4 
depends mainly on two parameters: the incident angle, θ, (angle-dependent) 
[208-210] and the layer thickness, d, (thickness-dependent) [209]. This means 
Eq. 4.4 can be used to diversify Eq. 5.1 by varying either of these two parame-
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ters, so that the number of equations can match the number of unknown varia-
bles (in this case three). (Note that Eq. 5.1 can also be diversified by varying the 
ambient on which the measurement is performed [209,211], e.g., by purging the 
measurement chamber with different ambient gas or immersing the setup inside 
different liquids, however concerns about surface contaminations on surface-
sensitive samples may make this method less versatile.) This enables a self-
consistent iteration procedure to be performed on the reflectivity (and thus also 
ρ, Ψ, and Δ via Eq. 3.23) data so that each unknown variable can be extracted 
separately. 
 
5.3. Angle-dependent iteration procedure 
 
In SE (0.5 – 5.6 eV), the Ψ and Δ measurements are done at three different 
incident angles: 60º, 70º, and 80º from the sample normal, which results in three 
sets of Ψ and Δ data. Since Eq. 3.23 can be diversified via Eqs. 4.4 and 5.1 by 
varying θ [208-210], this gives the three equations necessary to perform an an-
gle-dependent iteration procedure to extract the three unknown variables: 
3fLaAlO
 , int , and intd . 
 
As the representative, for the 4 uc LaAlO3/SrTiO3, the iteration for the SE data 
can be performed as following (Fig. 5.2). According to previous studies, the 
thickness of the conducting interface might be around 2 – 10 nm [136-140], so 
the initial guess for 
intd , int[0]d , can be reasonably set as 5 nm. In general, there 
are two boundary conditions that can be applied when setting the initial guess, 
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and also for confirming the physical validity of the converged value after itera-
tion, of the thickness of films and interfaces: 
a. The thickness should not be lower than the thickness of 1 uc of the materials. 
For films, this is the thinnest physical limit for the layer-by-layer deposition, 
while for interfaces this is to take into account any interface roughness ef-
fects. 
b. The thickness should not be higher than five times the photon penetration 
depth, D, (see Section 5.6 for details), since beyond this limit the material is 
optically considered to be bulk [175]. 
 
 
Figure 5.2: Diagram depicting the angle-dependent iteration procedure. 
The iteration is performed until a universal fitting that can simultaneously match 
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Meanwhile, the initial guess for 
3fLaAlO
  can be set as the same as ε(ω) of bulk 
LaAlO3, 
3bLaAlO
 , which can be obtained independently by measuring it sepa-
rately. With these two variables fixed, Eq. 3.23 is fitted into experimental value 
of Ψ and Δ measured at θ = 60º using Eq. 4.18 by appropriately adjusting the 
Drude-Lorentz oscillators that make up the ε(ω) of interface layer (see Chapter 
4 for details). At this first step, by expanding Eq. 5.3 to the first order, the ten-
tative ε(ω) of interface after fitting, 

























.                 (5.4) 
It can be seen that at this step,
int[1]  deviates from the actual value of int  due to 
the still-improper values of 
intd  and 3fLaAlO . 
 
To simplify the notation, generalized addition and subtraction operators, ⊕ and 




  have on int[1] . The ⊕ operator is mathematically defined in the first 
approximation as follows, 
 
   
,  , ,
a b c
f f f




   
  
,                             (5.5) 
while the ⊝ operator is similarly defined by substituting the ‘⊕’ and ‘+’ oper-
ators in Eq. 5.5 by ‘⊝’ and ‘–’, respectively. In the context of SE analysis, by 


























, Eq. 5.4 can be rewritten in the 
generalized operators notation into, 
   
3 3int[1] int int int[0] fLaAlO bLaAlO
d d      .                     (5.6) 
One advantage of these generalized operators notations is that they also allows 
the higher orders of Eq. 5.4 expansion to be implicitly included in Eq. 5.6, mean-
ing that Eq. 5.6 can be taken as the generalized form of Eq. 5.4. Thus, due to 
their convenience, these operators shall be used throughout this thesis. 
 
After the first step described above, the newly-fitted 
int[1]  is in turn fixed, and 
intd  is appropriately adjusted so that Eq. 3.23 can now be fitted into experi-
mental value of Ψ and Δ measured at θ = 70º. Here, the tentative value of 
intd , 
int[1]d , can be expressed as, 
   
3 3int[1] int fLaAlO bLaAlO int int[1]
d d       .                   (5.7) 
Then, the newly-adjusted 
int[1]d  is also fixed (along with the previously-fitted 
int[1] ), and Eq. 3.23 is fitted into experimental value of Ψ and Δ measured at θ = 
80º using Eq. 4.17 by appropriately adjusting the Drude-Lorentz oscillators that 
make up the ε(ω) of LaAlO3 film layer. Here, the tentative ε(ω) of LaAlO3 film, 
3fLaAlO [1]
 , can be expressed as, 
   
3 3fLaAlO [1] fLaAlO int int[1] int int[1]
d d      .                      (5.8) 
After that, the process is repeated by going back to Ψ and Δ measured at θ = 60º 
and subsequently cycling through the incident angles, fitting only one variable 
each step while keeping the other two fixed. This approach reduces the number 
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of parameters being fit at a particular fitting step, which leads to more stable 
fitting analyses and results. At each iteration step, the fitting is performed until 
an optimized least-chi-square fitting (see Eq. 4.45) is achieved. 
 
Convergence is reached when, at a certain step N, 
3fLaAlO [ ]N
 , int[ ]N , and int[ ]Nd  can 
satisfy Eq. 3.23 for all three incident angles, as shown in Fig. 5.3. At this point, 
3 3fLaAlO [ ] fLaAlON
  , int[ ] intN  , int[ ] intNd d , and the correlation effects between 
these three parameters are minimized (see Section 5.4 for more details). In other 
words, the iteration results form a universal fitting that can match the data from 
all incident angles. The iteration thus results in the converged values of 
3fLaAlO
 , 
int , and intd , as shown in Section 5.5 later. Along with the already-known 3SrTiO  
and 
3fLaAlO
d , these quantities can be converted to reflectivity in the 0.5 – 5.6 eV 
range using Eqs. 3.7 – 3.9, 4.4, and 5.1, which then can be used to normalize 
the UV-VUV reflectivity. 
 
Figure 5.4(a) illustrates the iteration process of the 4 uc LaAlO3/SrTiO3 by 
showing the evolution of 
intd  through each iteration step. As the iteration pro-
gresses, the value of 
intd  slowly approaches a distinct asymptotic value, and at 
step 5 it finally converges into ~5.2 nm, consistent with previous results using 









Figure 5.3: Fitted Ψ and Δ of 4 uc LaAlO3/SrTiO3 as compared to their 
measured values. (a) For 60° incident angle. (b) For 70° incident angle. (c) For 
80° incident angle. The fitted values match the measured Ψ and Δ very well for 
all three incident angles, which confirms the stability of the iteration process 
[69,71]. Note that above 5.4 eV the fitting does not match the measured data 
due to the partial absorption from the focusing lenses used in the experiments 
(see Chapter 3 for details). 
 




Figure 5.4: Iteration progress of the interface layer thickness. (a) Iteration 
progress of the interface layer thickness for 4 uc LaAlO3/SrTiO3. (b) Iteration 
progress of the interface layer thickness for 6 uc LaAlO3/SrTiO3, showing the 
comparison between the two starting points. (c) Iteration progress of the inter-
face layer thickness for 6 uc LaAlO3/SrTiO3, showing the comparison between 
the arbitrary starting points of 2 nm and 10 nm [69,71]. 




Figure 5.5: Fitted Ψ and Δ of 6 uc LaAlO3/SrTiO3 as compared to their 
measured values. (a) For 60° incident angle. (b) For 70° incident angle. (c) For 
80° incident angle. The fitted values match the measured Ψ and Δ very well for 
all three incident angles, which confirms the stability of the iteration process 
[71]. Note that above 5.4 eV the fitting does not match the measured data due 
to the partial absorption from the focusing lenses used in the experiments (see 
Chapter 3 for details). 
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For 6 uc LaAlO3/SrTiO3, the iteration process can be performed similarly, since 
the only difference is 
3fLaAlO
d , which is known from RHEED measurements dur-
ing LaAlO3 film depositions and can be appropriately adjusted using Eq. 4.4. 
Fig. 5.5 show the fitted Ψ and fitted Δ after convergence that match the meas-
ured Ψ and measured Δ of 6 uc LaAlO3/SrTiO3. The iteration progress of intd  
for 6 uc LaAlO3/SrTiO3 is shown in Fig. 5.4(b). In this case, the initial guess for 
intd  is set to be 6 nm, and the final converged value is found to be ~5.3 nm, 
very close to the 4 uc value of ~5.2 nm. This indicates that the properties of 4 
and 6 uc LaAlO3/SrTiO3 are very similar, and any apparent differences in Ψ, Δ, 
and reflectivity values between the two samples are mainly caused by the dif-
ference in 
3fLaAlO
d . In fact, because of this, since from 4 uc iteration the con-
verged values for 
3fLaAlO
 , int , and intd  of 4 uc LaAlO3/SrTiO3 are already ob-
tained, those values can also be used as the initial guess for the 6 uc 
LaAlO3/SrTiO3 iteration. It can be seen from Fig. 5.4(b) that with those better 
starting points, the iteration process can be simplified and convergence can be 
achieved with fewer steps, while still reaching the same converged value of 
intd  
~ 5.3 nm. 
 
Further tests of the stability of the iteration process are also done by setting the 
initial guess for 
intd  to be 2 nm and 10 nm, respectively. From Fig. 5(c), it can 
be seen that both iterations are indeed able to converge to the same 
intd  value of 
~5.3 nm, although they do need considerably more steps to converge due be-
cause the initial guesses deviate a lot more from the converged value. These 
results confirm the self-consistency of the iteration process, showing that even 
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if it starts with different initial guesses, as long as the initial guesses are within 
a reasonable limit from the actual value of 
intd  the iteration does eventually con-
verge into the same final results, with a small standard deviation of only ~0.1 
nm. Nevertheless, a good initial guess, for example from the results of other 
techniques, is still preferable in order to increase the accuracy and efficiency of 
the iteration analysis. 
 
For the insulating 2 uc LaAlO3/SrTiO3, the iteration-based analysis is also per-
formed similarly. The fitted Ψ and fitted Δ after convergence that match the 
measured Ψ and measured Δ of 2 uc LaAlO3/SrTiO3 are shown in Fig. 5.6. For 
the sake of consistency and to make layer-by-layer comparison between insu-
lating and conducting LaAlO3/SrTiO3 more readily apparent, the interface layer 
is still initially retained in the iteration process. However, as shown later in Sec-
tion 5.5, after analyzing the normalized reflectivity in the full range of 0.5 – 35 
eV, the ε(ω) of the (artificial) interface layer is found to be very similar to that 
of bulk SrTiO3, making insulating LaAlO3/SrTiO3 effectively a two-layer struc-
ture instead. This can be explained by the absence of the conducting interface 
in insulating LaAlO3/SrTiO3. Similar with the conducting samples, the resulting 
ε(ω) can be converted into reflectivity using Eqs. 3.7 – 3.9, 4.4, and 5.1 to be 
used in UV-VUV reflectivity normalization process. The same is true for the 
insulating 3 uc LaAlO3/SrTiO3 (Fig. 5.7). 
 
 




Figure 5.6: Fitted Ψ and Δ of 2 uc LaAlO3/SrTiO3 as compared to their 
measured values. (a) For 60° incident angle. (b) For 70° incident angle. (c) For 
80° incident angle. The fitted values match the measured Ψ and Δ very well for 
all three incident angles, which confirms the stability of the iteration process 
[71]. Note that above 5.4 eV the fitting does not match the measured data due 
to the partial absorption from the focusing lenses used in the experiments (see 
Chapter 3 for details). 
 




Figure 5.7: Fitted Ψ and Δ of 3 uc LaAlO3/SrTiO3 as compared to their 
measured values. (a) For 60° incident angle. (b) For 70° incident angle. (c) For 
80° incident angle. The fitted values match the measured Ψ and Δ very well for 
all three incident angles, which confirms the stability of the iteration process 
[71]. Note that above 5.4 eV the fitting does not match the measured data due 
to the partial absorption from the focusing lenses used in the experiments (see 
Chapter 3 for details). 
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5.4. Thickness-dependent iteration procedure 
 
From the iteration-based analysis of the spectroscopic ellipsometry data, the 
ε(ω) of each constituent layer of LaAlO3/SrTiO3, along with their thicknesses, 
can be extracted. These quantities can then be converted into reflectivity within 
the 0.5 – 5.6 eV range using Eqs. 3.7 – 3.9, 4.4, and 5.1. From here, the normal-
ization procedure of the UV-VUV reflectivity data (3.7 – 35 eV) is similar to 
that bulk materials (see Chapter 4 for details): using the ellipsometry-derived 
reflectivity to normalize the low energy side (3.7 – 5.6 eV) and the off-reso-
nance scattering considerations according to Eqs. 4.11 and 4.12 to normalize 
the high energy side (above 30 eV). The normalized reflectivity of the 
LaAlO3/SrTiO3 samples along with that of bulk LaAlO3 and bulk SrTiO3 is 
shown in Fig. 5.8(a). 
 
The same challenge present in the analysis of spectroscopic ellipsometry data 
of LaAlO3/SrTiO3 due to its multi-layered structure is also present in analyzing 
the high-energy reflectivity data. Even though 
intd  is already known to be ~5.3 
nm from the spectroscopic ellipsometry angle-dependent iteration analysis (see 
Section 5.3 for details), there are still two unknowns left (high photon energy, 
3fLaAlO
 , and high photon energy, int ), but only one equation (Eq. 5.1), which 
prevents a straight-forward mathematical solution. Furthermore, due to a fixed 
incident angle of 17.5º from the sample normal (see Chapter 3 for details), sim-
ilar angle-dependent iteration as the one done for the spectroscopic ellipsometry 
data cannot be performed. To address this, it can be noted that Eq. 5.1 can also 
be diversified through Eq. 4.4 by varying the layer thickness [209], in particular 




d . It is for this reason that a pair of insulating samples (2 and 3 uc of 
LaAlO3) and a pair of conducting samples (4 and 6 uc of LaAlO3) have been 
intentionally fabricated. Each pair has similar respective physics, with only dif-
ference in 
3fLaAlO
d , which can be rectified by appropriately adjusting Eq. 4.4. 
This means for each case (insulating and conducting), there are two unknowns 
and two equations for 
2
amb,multi amb,multiR r , so a self-consistent iteration can 
be used to extract ε(ω) of each individual layer. 
 
 
Figure 5.8: Reflectivity of LaAlO3/SrTiO3 and complex dielectric function 
of bulk LaAlO3 and bulk SrTiO3. (a) Normalized reflectivity of 
LaAlO3/SrTiO3 at different thicknesses of LaAlO3 film as compared to bulk 
LaAlO3 and bulk SrTiO3. (b) Complex dielectric functions, 
     1 2i       , of bulk LaAlO3 and bulk SrTiO3 [69,71]. 
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The self-consistent iteration procedure for the insulating samples (2 and 3 uc of 
LaAlO3/SrTiO3) is as follows. As the initial step (step 0), the 3 uc 
LaAlO3/SrTiO3 is regarded as only having two layers: the bulk SrTiO3 substrate 
below and a composite layer (comp) on top (Fig. 5.9(a)). This composite layer 
represents the mixture between the unknown LaAlO3 film and the unknown in-
terface layer, 
  3fLaAlO intcomp 0
    .                                 (5.9) 
Similar to Eq. 5.6, Eq. 5.9 can be explicitly expressed to the first order using 














.                     (5.10) 
 
Because the separately-measured 
3SrTiO
 is known (Fig. 5.8(b)), comp[0]  can be ob-
tained by fitting Eq. 4.3 into reflectivity of 3 uc LaAlO3/SrTiO3, 3ucR , using Eq. 
4.18 by appropriately adjusting the Drude-Lorentz oscillators that make up 
comp[0]  until an optimized least-square-fitting (defined by Eq. 4.45) is achieved 
(similar to the procedure used in the angle-dependent iteration, see Section 5.3 
for details). After that, for the 2 uc LaAlO3/SrTiO3, the interface layer (with intd  
~ 5.3 nm) is added between the SrTiO3 substrate and the composite layer so that 
it now is regarded as having three layers (Fig. 5.9(a)). This interface layer is 
added for the sake of consistency and to make layer-by-layer comparison be-
tween insulating and conducting LaAlO3/SrTiO3 more readily apparent. The 
newly-fitted 
comp[0]  along with the already-known 3SrTiO  is now taken as the in-
put (i.e., the composite layer becomes the “fixed layer”), and then Eq. 5.1 is 
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fitted into reflectivity of 2 uc LaAlO3/SrTiO3, 2ucR , using Eq. 4.18 to obtain the 




Figure. 5.9: The initial steps of the thickness-dependent iteration proce-
dure. (a) Initial step of the thickness-dependent iteration procedure (step 0). (b) 
Step 1 of the thickness-dependent iteration procedure. (c) Step 2 of the thick-
ness-dependent iteration procedure. The diagram depicts the thickness-depend-
ent iteration procedure of 2 and 3 uc LaAlO3/SrTiO3 [69]. 
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For the next step (step 1), the 3 uc sample is also regarded as having three layers 
(Fig. 5.9(b)), and this time the interface layer is designated to be the input fixed 
layer in order to extract ε(ω) of the now-variable composite layer from 
3ucR . 
After the extraction, the 
comp  for this step 1, comp[1] , becomes 
  3fLaAlO int int[0]comp 1
     .                            (5.11) 
Then, the focus is again shifted to 
2ucR . The newly-adjusted composite layer, 
comp[1] , is designated as the input fixed layer to extract ε(ω) of the variable in-
terface layer, 
  int[0] int[1]int 1    .                                    (5.12) 
from 
2ucR . This int[1]  is slightly different than int[0] , by an amount of int[1] . In 
step 2 (Fig. 5.6(c)), this procedure is repeated again, and by the end of that step 
ε(ω) of the layers becomes 
   3fLaAlO int int[0] int[1]comp 2                                 (5.13) 
and 
int[2] int[0] int[1] int[2]      .                             (5.14) 
 
The iteration procedure is repeated until it eventually achieves convergence (see 
discussion below), and at a certain general step n (Fig. 5.10), ε(ω) of the com-
posite and interface layers can be expressed as, 
     3
1









   
 
                     (5.15) 
and 







  .                                 (5.16) 




Figure 5.10: The thickness-dependent iteration procedure at a certain gen-
eral step n. The diagram depicts the thickness-dependent iteration procedure of 




Eventually, at a certain step N, ε(ω) of the layers become such that, 
 int 0N  ,                                          (5.17) 
   int int 1N N   ,                                       (5.18) 
and 
   comp comp 1N N   .                                     (5.19) 
This is the point of convergence. At this point, 
int[ ]N  converges to int , 





   

   ,                           (5.20) 
and 
comp[ 1]N   converges to 3fLaAlO , 
     3
3
3




             















.                 (5.21) 
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In other words, when this point is reached, ε(ω) of each individual layer is able 
to be isolated separately, and the iteration procedure converges successfully. 
 
 
Figure 5.11: Complex dielectric functions of composite and interface layers 
of the 2 and 3 uc LaAlO3/SrTiO3 at various steps of the thickness-depend-
ent iteration. (a) The real part of the dielectric function, ε1(ω), of the composite 
layer. (b) The imaginary part of the dielectric function, ε2(ω), of the composite 
layer. (c) The ε1(ω) of the interface layer. (d) The ε2(ω) of the interface layer. 
Insets show parts of the plots zoomed at various energy ranges to emphasize the 




In order to give a better presentation of how this iteration procedure is applied 
to the LaAlO3/SrTiO3 case study, ε(ω) of the composite and interface layers of 
2 and 3 uc LaAlO3/SrTiO3 at various iteration steps is shown in Fig. 5.11. From 
there, it can be seen that as the iteration progresses, the difference between ε(ω) 
of each consecutive step becomes progressively smaller. Eventually, the ε(ω) at 
step 6 becomes virtually indistinguishable to that of step 5, which means that at 
step 6 the iteration converges. The ε(ω) of the interface layer is successfully 
separated from the composite layer, and the ε(ω) of the composite layer itself 
becomes equal to the ε(ω) of the LaAlO3 film layer. 
 




Figure 5.12: Fitted reflectivity of insulating LaAlO3/SrTiO3 as compared to 
their experimentally-measured values after the thickness-dependent itera-
tion convergence. (a) Fitted and measured reflectivity of 2 uc LaAlO3/SrTiO3. 




Moreover, to further ensure the validity of the resulting int  and 3fLaAlO , a con-
sistency check can be performed by inserting 
int[ ]N  and comp[ 1]N   along with 
3SrTiO
  into Eq. 5.1 via Eqs. 3.7 – 3.9 and 4.4 and confirming that the resulting 
amb,multir  can indeed reproduce the experimentally-measured reflectivity of both 2 
and 3 uc LaAlO3/SrTiO3 simultaneously by simply appropriately adjusting the 
LaAlO3 thickness factor in Eq. 4.4 (Fig. 5.12). Thus, at the point of convergence 
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the extracted ε(ω) of each individual layer is able to universally fit the reflectiv-
ity of both 2 and 3 uc LaAlO3/SrTiO3. 
 
For the 4 and 6 uc LaAlO3/SrTiO3 samples (the conducting case), the iteration 
process should essentially be the same as the iteration procedure for the insulat-
ing case. However, in practice it can be more complex than that. This is because 
in the conducting sample the interface layer is conducting, so its optical proper-
ties can be very different than that of bulk SrTiO3. This makes the two-layered 
structure used in the first part of step 0 in Fig. 5.9(a) unsuitable to model the 
strictly three-layered system. To circumvent it, this first part of step 0 can be 
skipped entirely. Instead, the 4 uc LaAlO3/SrTiO3 is directly regarded from the 
start as having three layers: the composite layer on top, the interface layer in the 
middle, and the bulk SrTiO3 substrate at the bottom (Fig. 5.13). The initial guess 
of ε(ω) of the composite layer can be set as equal to ε(ω) of bulk LaAlO3,
  3bLaAlOcomp 0
  , and from here the iteration can be continued as normal until 
convergence is achieved and the actual ε(ω) of both the interface and the 
LaAlO3 film layers are found. 
 
Figure 5.13 shows the ε(ω) of the composite and interface layers of 4 and 6 uc 
LaAlO3/SrTiO3 at various iteration steps. Similar with the 2 and 3 uc case, as 
the iteration progresses the difference between ε(ω) of each consecutive step 
becomes progressively smaller, and eventually at step 9 the iteration converges 
and ε(ω) of the LaAlO3 film and the interface layer are successfully separated. 
 




Figure 5.13: Complex dielectric functions of composite and interface layers 
of the 4 and 6 uc LaAlO3/SrTiO3 at various steps of the thickness-depend-
ent iteration. (a) The real part of the dielectric function, ε1(ω), of the composite 
layer. (b) The imaginary part of the dielectric function, ε2(ω), of the composite 
layer. (c) The ε1(ω) of the interface layer. (d) The ε2(ω) of the interface layer. 
The initial guess for this iteration has been modified to   3bLaAlOcomp 0  to ac-
commodate the strictly three-layered structure of the 4 and 6 uc LaAlO3/SrTiO3 
samples. Insets show parts of the plots zoomed at various energy ranges to em-




For consistency check, the fitted reflectivity of the 4 and 6 uc LaAlO3/SrTiO3 
after convergence is compared to their measured values in Fig. 5.14. It shows 
that the resulting ε(ω) of LaAlO3 film and interface layer are indeed able to 
closely reproduce the experimentally-measured reflectivity of both 4 and 6 uc 
LaAlO3/SrTiO3 simultaneously, by appropriately adjusting the LaAlO3 thick-
ness factor in Eq. 4.4. 




Figure 5.14: Fitted reflectivity of conducting LaAlO3/SrTiO3 as compared 
to their experimentally-measured values after the thickness-dependent it-
eration convergence. (a) Fitted and measured reflectivity of 4 uc 





5.5. Results: complex dielectric function of LaAlO3/SrTiO3 
 
Figure 5.15 summarizes the analysis results of thickness-dependent 
LaAlO3/SrTiO3 using the self-consistent iteration procedure. It shows the ex-
tracted ε(ω) of LaAlO3 film and interface layer for both the insulating (2 and 3 
uc LaAlO3/SrTiO3) and conducting (4 and 6 uc LaAlO3/SrTiO3) cases as com-
pared to bulk LaAlO3 and bulk SrTiO3. For LaAlO3 film, it can be seen (Figs. 
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5.15(a) and 5.15(b)) that the ε(ω) of LaAlO3 film for both the insulating and 
conducting LaAlO3/SrTiO3 are very different than bulk LaAlO3 and also as 
compared to each other. This indicates that there are significant differences in 
band structure and orbital occupancy among the different forms (bulk or film) 
and environments (insulating LaAlO3/SrTiO3 or conducting LaAlO3/SrTiO3) of 
LaAlO3, and careful investigation of these differences might play a role in re-




Figure 5.15: Complex dielectric functions of each layer of 2, 3, 4, and 6 uc 
LaAlO3/SrTiO3, extracted from reflectivity using the self-consistent itera-
tion procedure. (a) The real part, ε1(ω), of dielectric function of LaAlO3 film, 
as compared to bulk LaAlO3. (b) The imaginary part, ε2(ω), of dielectric func-
tion of LaAlO3 film, as compared to bulk LaAlO3. (c) The ε1(ω) of the interface 
layer, as compared to bulk SrTiO3. (d) The ε2(ω) of the interface layer, as com-
pared to bulk SrTiO3 [69,71]. Note that the ε(ω) of the LaAlO3 film of the 2 and 
3 uc LaAlO3/SrTiO3 are identical due to the nature of the thickness-dependent 
iteration process [69]. The same is true for the ε(ω) of the interface layer and 




For the interface layer, Figs. 5.15(c) and 5.15(d) show that ε(ω) at the interface 
of insulating samples (2 and 3 uc LaAlO3/SrTiO3) is very similar to that of bulk 
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SrTiO3, which makes insulating LaAlO3/SrTiO3 effectively a two-layer system. 
On the other hand, interestingly for conducting samples (4 and 6 uc 
LaAlO3/SrTiO3) there is a new feature around 8 – 12 eV for ε1(ω) and 11 – 16 
eV for ε2(ω), which can be a characteristic of the 2DEG that emerges as the 
LaAlO3/SrTiO3 interface becomes conducting. Apart from this new feature, the 
ε(ω) of the interface layer of conducting LaAlO3/SrTiO3 quite closely resembles 
the ε(ω) of bulk SrTiO3, which indicates that the interface layer is SrTiO3-like, 
and that the conducting region mostly resides in SrTiO3 side rather than LaAlO3. 
This is also supported by the thinness of the LaAlO3 film, such that any interface 
effects should modify the whole LaAlO3 film and not only the region near the 
interface, as evident by the significant differences between 
3fLaAlO
  of both in-
sulating and conducting LaAlO3/SrTiO3 and 
3bLaAlO
  in Fig. 5.15. Further dis-
cussions about the ε(ω) of the constituent layers of LaAlO3/SrTiO3 and their 
underlying physics are detailed in Chapter 7 [71]. 
 
5.6. Photon penetration depth analysis 
 
One important difference between the study of interfaces with that of bulk ma-
terials is the fact that the interface is buried under one or more layers of parent 
materials. Thus, any technique intended to be used in the study of interfaces has 
to be able to probe the buried interface without disturbing the parent materials 
surrounding it.  In optics, this means that the penetration depth of the incident 
light has to be able to reach the buried interface. Photon penetration depth, D, 
of a material is defined as the depth at which the intensity of the incident light, 
I, drops to 1/e of its initial value, I0, where e is the natural constant. It can be 
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 .                                     (5.22) 
If the material is multilayered like LaAlO3/SrTiO3, the intensity drop depends 
on the penetration depth of each constituent material, in this case the LaAlO3 
film, the interface layer, and the SrTiO3 substrate, 
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where  
3fLaAlO int
z d d   is along the direction perpendicular to and measured 
from the surface of the heterostructure. From Eq. 5.23, the effective penetration 
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Figure 5.16: Effective photon penetration depth of 2, 3, 4, and 6 uc 
LaAlO3/SrTiO3 along with those of bulk LaAlO3 and bulk SrTiO3. The pen-
etration depth corresponds to photon incident angle of 17.5º from the sample 
surface normal [69]. 
 
5. Self-consistent iteration procedure 
132 
 
The Deff of the LaAlO3/SrTiO3 samples along with that of bulk LaAlO3 and bulk 
SrTiO3 at 17.5º incident angle is shown in Fig. 5.16. From the figure, it can be 
seen that the photon penetration depth for all samples is around 10 – 40 nm 
above 5 eV and up to 30 μm below it, which is more than sufficient to cover the 
LaAlO3 film thickness of 1 – 2 nm and the interface thickness of ~5 nm. This 
means that the photon can indeed probe the interface thoroughly, and even able 
to penetrate deep into the SrTiO3 substrate. 
 
 
5.7. Extensions and limitations of the iteration procedure 
 
The iteration procedure is not limited to the analysis of LaAlO3/SrTiO3, and it 
can be applied to analyze various other multilayer systems, even if those sys-
tems might have different numbers of unknown parameters than what is dis-
cussed in this paper. For example, if three unknown films, each with unknown 
thickness, are deposited on top of a known substrate, there will be six unknown 
parameters in total (three unknown complex dielectric functions and three un-
known thicknesses). To perform an angle-dependent iteration on the system, the 
spectroscopic ellipsometry measurement needs to be done at six different inci-
dent angles, so that the number of equations (Eq. 3.23) can match the number 
of unknowns via Eq. 4.4. The incident angles should be chosen such that the 
corresponding differences in δ can give rise to relatively large variations in the 
measured Ψ and Δ spectra, so that the iteration can be performed more effi-
ciently. The iteration can then be performed by cycling through the Ψ and Δ 
data measured at these six incident angles. Of course, with more unknown pa-
rameters the complexity also increases, which means more resources are needed 
5. Self-consistent iteration procedure 
133 
 
to successfully converge the iteration process. 
 
For the thickness-dependent iteration, assuming that now the thicknesses of the 
layers are known and can be controlled during growth, the above example still 
leaves us with three unknown parameters, which are the ε(ω) of each of the three 
film layers. To perform the thickness-dependent iteration, three samples with 
slightly different thicknesses of those three films are also needed to be prepared. 
Again, to make the iteration procedure more efficient, the thicknesses should be 
chosen such that the corresponding differences in δ can give rise to relatively 
large variations in the measured reflectivity spectra. The iteration can then be 
performed by cycling through the reflectivity of those three samples, because 
the number of equations (equivalent of Eqs. 4.3 and 4.9, extended to four layers) 
now matches the number of unknown parameters via Eq. 4.4. 
 
However, despite its potentials, there are still some limitations inherent espe-
cially to the thickness-dependent iteration method. The first is sample variance. 
Since multiple samples are needed to perform the thickness-dependent iteration, 
slight differences in properties among the samples (for example due to slightly 
different growth conditions each time the samples are prepared) can accumulate 
to rather large deviations. Because of this, extra care is needed to ensure that 
each sample is prepared within almost identical environment. 
 
Secondly, it also needs to be ensured that any variation in reflectivity among the 
samples is only due to the different film thicknesses involved (i.e., only due to 
5. Self-consistent iteration procedure 
134 
 
Eq. 4.4). Film thickness differences should not significantly modified the inter-
nal properties of the samples, because otherwise it will render the thickness-
dependent iteration procedure invalid. This is why the iteration cannot be per-
formed between the insulating 3 uc LaAlO3/SrTiO3 and the conducting 4 uc 
LaAlO3/SrTiO3, since their inherent properties are modified by the increase of 
the LaAlO3 thickness. Furthermore, due to this requirement, the resulting ε(ω) 
of each layer is identical for all the samples involved in a particular thickness-
dependent iteration. For instance, ε(ω) of the LaAlO3 film of the 2 and 3 uc 
LaAlO3/SrTiO3 in Fig. 5.15 are identical to each other. The same is true for the 
ε(ω) of the interface layer and for the 4 and 6 uc LaAlO3/SrTiO3 case. 
 
These two limitations are not applicable to the angle-dependent iteration, be-
cause the measurements at the different incident angles are still performed on 
the same sample each time. This eliminates the concern about sample variance, 
and because the iteration is performed on data measured from only one sample, 




In summary, the various aspects of optical analysis of materials, including those 
discussed in Chapter 4, can be summarized by the flowchart in Fig. 5.17. For 
analysis of multilayered materials, the self-consistent iteration procedure is pre-
sented in this chapter as a useful tool to separate and extract the dielectric func-
tions of each individual layer. The method is based on the two main variables 
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that affect the reflectivity of a multilayered system: photon incident angle (an-
gle-dependent) and layer thickness (thickness-dependent). By measuring the 
samples at different incident angles or on samples with slightly different layer 
thicknesses, self-converged iteration can be performed by cycling through these 
differently-measured spectra. With enough iteration steps, stabilized separation 
and extraction of complex dielectric function of each individual layer can be 
achieved. By applying the procedure into spectroscopic ellipsometry and UV-
VUV reflectivity data of LaAlO3/SrTiO3, the effects of the interface layer are 
able to be separated from the LaAlO3 film and the SrTiO3 substrate. With proper 
adjustments, this method can be extended to other multilayered material sys-
tems with various number of layers, making it a very versatile tool in analyzing 
the optical properties of multilayered systems. 
 
 
Figure 5.17: Flowchart diagram depicting the overall analysis procedures 
of spectroscopic ellipsometry and UV-VUV reflectivity data. From these 
procedures, the complex dielectric function of both bulk and multilayered ma-
terials can be obtained. Especially for multilayered materials, the complex die-
lectric function of each of its constituent layers can be individually extracted, 
allowing them to be further analyzed separately [69]. 





Intrinsic vacancies in SrTiO3 at various oxygen partial pressures 
 
The optical conductivity of SrTiO3 for various vacancies has been systemati-
cally studied using a combination of ultraviolet - vacuum ultraviolet (UV-VUV) 
reflectivity and spectroscopic ellipsometry. For cation (Ti) vacancies, the opti-
cal conductivity shows large spectral weight transfer over a wide range of en-
ergy from as high as 35 eV to as low as 0.5 eV and the presence of mid-gap 
states, suggesting that strong correlations play an important role. Meanwhile, 
for anion (O) vacancies, the optical conductivity shows changes from 7.4 eV up 
to 35 eV. 
 
My main contributions in the work discussed in this chapter are in planning the 
experiment, characterizing the samples using x-ray diffraction and atomic force 
microscopy, measuring the data using spectroscopic ellipsometry and ultravio-
let – vacuum ultraviolet reflectivity, and analyzing the resulting optical spectra. 
The samples are prepared by Dr. X. Wang, Asst. Prof. Ariando, and Prof. T. 
Venkatesan, while the Rutherford backscattering samples characterization are 
done by Dr. M. Motapothula and Prof. M. B. H. Breese, both in close collabo-










As discussed in Chapter 2, SrTiO3 is a host to a wide variety of interesting prop-
erties, such as superconductivity [114-116], remarkably high dielectric constant 
[111,117,118], and quantum para- and ferro-electricity [119-121]. Furthermore, 
it also has an important role as the standard substrate for the epitaxial growth of 
various kinds of complex oxides, due to its compatible lattice parameters, struc-
ture, commercial availability, controllable surface termination, tailorable con-
ductivity, and comparatively low chemical reactivity [85-91]. For example, in 
the context of this thesis, SrTiO3 is the substrate on which the LaAlO3/SrTiO3 
heterostructure is formed [29]. Thus, in order to have a better understanding on 
the properties of LaAlO3/SrTiO3, it is also important to study the properties of 
SrTiO3 thoroughly. 
 
One aspect believed to be responsible for these various exotic quantum proper-
ties of SrTiO3 and complex oxide materials in general is the presence of intrinsic 
vacancies. For example, the superconductivity of SrTiO3 is believed to be in-
duced by the presence of oxygen vacancies [114-116], and oxygen vacancies 
are also one of the possible origins of the interface conductivity of 
LaAlO3/SrTiO3 [46-48,50]. However, despite their importance, the roles of in-
trinsic vacancies in SrTiO3 are still far from understood. Previous theoretical 
studies [212-214] specifically said that a direct fingerprint of correlation effects 
is the presence of spectral weight transfer in abroad energy range. Thus, a com-
bination of ultraviolet – vacuum ultraviolet (UV-VUV) reflectivity and spectro-
scopic ellipsometry (SE, see Chapter 3 for details), which lead to a stabilized 
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Kramers-Kronig transformation [57-64] (see Chapter 4 for details), is the most 
direct experiment to measure the complex dielectric response systematically in 
a broad energy range from which spectral weight transfer information can be 
obtained. 
 
Previous experimental studies either focused on reflectivity of pristine SrTiO3 
[65,110], or on various modified forms of SrTiO3 but in the photon energy re-
gion only near or much below the optical band gap [109,113,215]. In this chap-
ter, the impact of intrinsic vacancies on the high-energy optical conductivity, 
σ1(ω), of SrTiO3 is probed using a combination of UV-VUV reflectivity (3.7 – 
35 eV) and SE (0.5 – 5.6 eV) [70], which together cover a very wide photon 
energy range from 0.5 to 35 eV [54-56].  
 
6.2. Experimental methods 
 
6.2.1. Samples preparation 
 
Several pristine SrTiO3 substrates obtained from CrysTec (99.99% purity) are 
annealed in a vacuum chamber (with initial background pressure of ~10-8 – 10-
9 Torr) under a constant flow of oxygen at various ambient pressures, PO2. The 
annealing temperature is set to 950 ºC for 30 minutes, with three stages of ramp-
ing rate: 30 ºC per minute until 600 ºC, 20 ºC per minute until 800 ºC, and finally 
15 ºC per minute until 950 ºC, along with a ramping down rate of 30 ºC per 
minute. The PO2 settings are as follow: 5×10
-7 Torr (sample A), 1×10-5 Torr 
(sample B), 1×10-3 Torr (sample C), and 1×10-2 Torr (sample D). The amount 
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and type of intrinsic vacancies created in SrTiO3 under these different annealing 
PO2 can be estimated from previous studies [109,215,216]. Sample A (annealed 
at the lowest PO2) is estimated to have ~0.02% oxygen vacancies, while sample 
D (annealed at the highest PO2) is estimated to have ~0.01% cationic vacancies. 
 
6.2.2. Optical measurements and analysis 
 
The optical measurements are performed using a combination of SE (0.5 – 5.4 
eV), and UV-VUV reflectivity (3.7 – 35 eV) [54-56] (see Chapter 3 for details). 
The SE measurements are performed at 70º incident angle and 45º linear polar-
ization, while the UV-VUV reflectivity measurements are performed at 17.5º 
incident angle and light polarization parallel to the sample surface. All optical 
measurements are done at room temperature. The SE-derived reflectivity spec-
tra is used to normalize the UV-VUV reflectivity spectra (see Chapter 4 for 
details), which results in the normalized room-temperature high-energy reflec-
tivity spectra of the SrTiO3 samples in the broad photon energy range of 0.5 – 
35 eV, as shown in Fig. 6.1(a). 
 
The complex dielectric function, ε(ω), for the whole spectral range is extracted 
from the normalized reflectivity by fitting with the Kramers-Kronig-transform-
able Drude-Lorentz oscillator (Eq. 4.18) [64,201], as discussed in Chapter 4. 
The fitting is performed until an optimized least-chi-square fitting (as defined 
in Eq. 4.45) is achieved. The fitted reflectivity as compared to the measured 
reflectivity of each SrTiO3 sample is shown in Fig. 6.2. From this, the room-
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temperature real (ε1) and imaginary (ε2) parts of the ε(ω) of each SrTiO3 sample 
can be extracted, as shown in Figs. 6.1(b) and 6.1(c). 
 
 
Figure 6.1: Room-temperature reflectivity and complex dielectric function 
of the SrTiO3 samples. (a) Room-temperature reflectivity of the SrTiO3 sam-
ples. (b) Real part of complex dielectric function, ε1(ω), of the SrTiO3 samples. 
(c) Imaginary part of complex dielectric function, ε2(ω), of the SrTiO3 samples. 
The insets show an enlarge scale of ε2(ω) for two different energy ranges to 
emphasize the intensity trend. Partial oxygen pressure during annealing is indi-
cated in (a) [70]. 
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From Fig. 6.2, it can be seen that the fitted reflectivity of each sample matches 
very well with its measured value. Some slight discrepancies between the fitted 
and measured reflectivity do occur below 3.2 eV, due to the transparency of 
SrTiO3 below its bandgap. This transparency translates to high photon penetra-
tion depth (see Fig. 6.4(c) later), which permits the incident light to reach and 
reflected off the back side of the sample and artificially increases the total re-
flectivity below the bandgap slightly. This back-reflection effect has been taken 
into account in the fitting process. 
 
 
Figure 6.2: The fitted reflectivity of each SrTiO3 sample as compared to its 
respective measured reflectivity. (a) Fitted and measured reflectivity of sam-
ple A (PO2 = 5×10
-7 Torr). (b) Fitted and measured reflectivity of sample B (PO2 
= 1×10-5 Torr). (c) Fitted and measured reflectivity of sample C (PO2 = 1×10
-3 
Torr). (d) Fitted and measured reflectivity of sample D (PO2 = 1×10




6.2.3. Structure, composition, and surface analysis 
 
Besides optical measurements, the structure, composition, and surface of the 
samples are also analyzed. The structure is characterized using x-ray diffraction 
spectrometer (XRD) at room temperature to confirm their crystal structures after 
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the annealing process (Fig. 6.3(a)). As seen from the figure, within the experi-
mental resolution, all the observed Bragg peaks occur at the same angles, indi-
cating that the crystal structures of the samples are very similar. The samples 
also remain single crystal, and no additional features occur due to the annealing 
process. 
 
Composition analysis is done using Rutherford backscattering spectrometry 
(RBS) on sample A and sample D (i.e., the samples with the lowest and highest 
PO2, respectively). The resulting RBS spectra (Fig. 6.3(b)) shows that the com-
positions of the two samples are found to be identical with as-received pristine 
SrTiO3. This is due to the fact the minimum impurity concentration that can be 
detected by RBS is only 1%, so it is not sensitive enough to detect very small 
concentration of vacancies (~0.01% – 0.02%, as estimated from previous results 
[109,215] in Section 6.2.1). 
 
Surface analysis is done using atomic force microscopy (AFM), performed on 
sample A and D to see the effect of annealing on the surface of the samples 
(Figs. 6.4(a) and 6.4(b)). Sample A (annealed using the lowest PO2) is found to 
have the surface roughness of ~7.8 Å, higher than sample D (annealed using the 
highest PO2), which has surface roughness of ~3 Å. The surface erosion seen in 
sample A might come from the effects of O vacancies that forms at low PO2 
(~10-7 Torr). Apparently, the surface condition is more sensitive to oxygen va-
cancies than cationic vacancies, as sample D shows little surface degradation. 




Figure 6.3: Crystal structure and composition analysis of the SrTiO3 sam-
ples. (a) X-ray diffraction (XRD) spectra of various SrTiO3 samples annealed 
under different oxygen pressure. The graph is in log scale and subsequent plots 
have been intentionally raised slightly for clarity. (b) Rutherford backscattering 
spectrometry (RBS) study of sample A (PO2 = 5×10
-7 Torr) and D (PO2 = 1×10
-
2 Torr) as compared to as-received, pristine SrTiO3 [70]. 
 




Figure 6.4: Surface analysis of the SrTiO3 samples. (a) Atomic force micros-
copy (AFM) image of sample A (PO2 = 5×10
-7 Torr), with surface roughness 
(SR) of ~7.8 Å. (b) AFM image of sample D (PO2 = 1×10
-2 Torr), with SR of 
~3 Å. (c) Photon penetration depth (PD) of the SrTiO3 samples at 17.5° incident 
angle with respect to the surface normal. (d) Geometrical alignment of the UV-
VUV reflectivity experiment and color-coded (exaggerated) comparison of the 
SR with the PD of the samples above the bandgap. It shows that the SR of the 
samples of a few angstrom is negligible as compared to the PD of tens of na-
nometers, making the optical techniques to be bulk-sensitive rather than sur-
face-sensitive [70]. 
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To make sure that this difference in surface condition does not affect the optical 
measurements results, photon penetration depth analysis is performed according 
to Eq. 5.22. As seen from Fig. 6.4(c), the photon penetration depth is found to 
be up to 70 μm below the bandgap (3.2 eV) and in the range of 10 – 200 nm 
above the bandgap. This makes the techniques to be bulk-sensitive rather than 
surface-sensitive, since most of the signal comes from the bulk rather than the 
surface, thus making the effects of the surface roughness of a few angstroms 
negligible (Fig. 6.4(d)). Furthermore, based on the diffusion coefficient of oxy-
gen at the annealing temperature [217], the depth affected by the intrinsic va-
cancies in SrTiO3 is ~10 μm, which is significantly beyond the photon penetra-
tion depth above the bandgap. This ensures that the signal from these vacancies 
can be effectively probed by the optical measurements. 
 
Further, variable-angle spectroscopic ellipsometry (VASE) study (with photon 
energy range of 0.5 – 5.4 eV) is also performed on sample A and sample D by 
varying the incident angle of the incoming light to 60° and 70° with respect to 
the surface normal (Fig. 6.5). The similarity in pseudo-dielectric function as 
function incident angles fully supports the conclusion that the technique is bulk-
sensitive. If the optical properties of a material depend on a finite layer (e.g., 
surface roughness), then the resulting pseudo-dielectric function should be dif-
ferent for different incident angles. Furthermore, the results also show that the 
SrTiO3 crystal is indeed isotropic, even after the annealing process. 
 
Characterization of the electrical transport properties of the samples is also at-
tempted, however since all samples remain insulating despite the presence of 
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the vacancies, their resistivity is still far too high to be measured using conven-
tional transport measurements. 
 
 
Figure 6.5: Variable-angle spectroscopic ellipsometry (VASE) study of the 
SrTiO3 samples. (a) VASE study of sample A (PO2 = 5×10
-7 Torr). (b) VASE 
study of sample D (PO2 = 1×10
-2 Torr). From these studies, no change in dielec-
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6.3. Results and discussion 
 
6.3.1. Spectroscopic ellipsometry and high-energy reflectivity 
 
From Fig. 6.1, which shows the room-temperature reflectivity and ε(ω) of the 
samples within photon energy of 0.5 – 35 eV, it can be seen that for samples A, 
B, and C, systematic changes occur in a broad energy range from 7.4 eV to 
about 35 eV. Meanwhile, for sample D the change is even more pronounced 
from below the optical bandgap up to 35 eV with differences in the way spectral 
weight is transferred. These systematic changes in reflectivity as well as in ε1(ω) 
and ε2(ω) within this large energy range are new observations and should play 
an important role for understanding the fundamental electric structure of SrTiO3 
under different PO2 anneals. A better analysis is obtained by converting the re-
flectivity to the σ1(ω) which is restricted by the f-sum rule (see Chapter 4 for 
details), thus one can learn quantitatively the spectral weight transfer in the en-
ergy range of 0.5 to 35 eV. 
 
6.3.2. Optical conductivity analysis 
 
Figure 6.6(a) shows σ1(ω) of the samples is extracted from ε2(ω) using Eq. 
4.29a. In SI units, the relation between σ1(ω) and ε2(ω) is given by, 
   0 2      .                                     (6.1) 
For the analysis of σ1(ω), the spectrum is divided into several energy ranges. 
The detailed assignments of the optical transitions within each of these energy 
ranges (summarized in Table 6.1) are based on previous high-energy reflectivity 
6. Intrinsic vacancies in SrTiO3 at various oxygen partial pressures 
148 
 
and electron energy loss spectroscopic (EELS) measurements on pristine 
SrTiO3 [65,110]. 
 
The first region (R1) is the band gap region of conventional SrTiO3. Here, σ1(ω) 
of samples A, B, and C is flat, i.e., there is no optically allowed transition, as 
expected from a band insulator. Surprisingly, the σ1(ω) of sample D shows mid-
gap states with distinct and significant tail that extends all the way to very low 
energy, effectively closing the bandgap to a large degree but not completely. 
This is an important signature of the cationic vacancies as discussed later. In the 
regions R3 and R4, the σ1(ω) value of samples A, B, and C increases as PO2 
decreases. The sole exception is sample D, where σ1(ω) is much lower as com-
pared to others in R2 and R3, and oppositely much higher in R4. In the last region 
R5, the σ1(ω) of all samples shows tendency to decrease as PO2 decreases. 
 
 
Table 6.1: A summary of transitions of pristine SrTiO3. The valence band 
(VB) of SrTiO3 is determined by hybridized states of (O-2p+Ti-3d-t2g) and (O-
2p+Sr-4d-t2g). 
Region Optical transition Energy range (eV) 
R1 Band gap 0.0 – 3.2 
R2 VB  Ti-3d-t2g 3.2 – 7.4 
R3 VB  Ti-3d-eg, Sr-4d 7.4 – 15.2 
R4 Sr-4p  Ti-3d, Sr-4d 15.2 – 25.0 
R5 O-2s  Ti-3d, Sr-4d 25.0 – 35.0 
 




Figure 6.6: Optical conductivity and spectral weight of the SrTiO3 samples. 
(a) Real part of optical conductivity (σ1) of the SrTiO3 samples. (b) Spectral 
weight W of the samples for the whole energy range of 0.5 – 35 eV, plotted 
against the incoming photon energy. (c) Partial W of each particular energy re-
gion (defined in Table 6.1) as obtained using Eq. 6.2, plotted against oxygen 
pressure PO2 and shifted with respect to that of sample C. The error bars are 
obtained from the resolution limitation of the optics measurements and the er-
rors introduced during the reflectivity normalization procedure [70]. 




Figure 6.7: Partial optical conductivity of each energy region of each 
SrTiO3 sample. (a) The partial optical conductivity, 
p
1 , of each region of sam-
ple A (PO2 = 5×10
-7 Torr). (b) The p
1  of each region of sample B (PO2 = 1×10
-
5 Torr). (c) The p
1  of each region of sample C (PO2 = 1×10
-3 Torr). (d) The p
1  
of each region of sample D (PO2 = 1×10
-2 Torr). In each figure, the whole-range 




For more details, the partial σ1 of each energy region, 
p
1 , can also be defined 





















  ,                         (6.2) 
where lower (EL) and upper (EU) photon energy boundaries are defined in Table 
6.1. The p
1  of each region of each sample is shown in Fig. 6.7. 
 
6.3.3. Spectral weight transfers analysis 
 
An important piece of information that can be extracted from σ1(ω) analysis is 
the partial spectral weight integral, W, which is proportional to the effective 
number of electrons excited by photons of a given energy (see Chapter 4 for 
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details). Further, σ1(ω) is restricted by the f-sum rule, as expressed in Eq. 4.30. 
Because the number of charges involved should be conserved, the spectral 
weight of each sample should be eventually compensated at very high energies, 
and the data in Fig. 6.6(b) clearly indicates this. In accordance with Eq. 6.2 and 





                                        (6.3) 
to analyze the charge transfer between the different energy regions. It is plotted 
in Fig. 6.6(c) against PO2, shifted with respect to that of sample C to better em-




, in Fig. 6.6(c) are obtained as 




, is estimated 
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 .                           (6.4) 
It can be seen that the errors are small enough to ensure the reliability of the 
following analyses. 
 




Figure 6.8: Pictorial model of the spectral weight transfers in SrTiO3 at 
different oxygen partial pressures. (a) Pictorial model of spectral weight 
transfer in SrTiO3 at oxygen partial pressure below 10
-3 Torr. (b) Pictorial model 
of spectral weight transfer in SrTiO3 at oxygen partial pressure above 10
-3 Torr. 
The blue and brown arrows illustrate the spectral weight transfers that happen 
as the oxygen pressure decreases below and increases above 10-3 Torr, respec-
tively. These models are intended for qualitative illustration purpose only, and 




At PO2 < 10
-3 Torr, the decrease of W at R5, which means the decrease of O-2s 
occupied density of states (DOS) due to the lack of oxygen, is a signature of 
oxygen vacancies. The lack of oxygen also makes the valence state of Sr and Ti 
atoms to be smaller than +2 and +4, respectively, resulting in excess electrons 
in Ti and Sr. Due to hybridization, these excess electrons increase the number 
of electrons in the valence band, as indicated by the increase of W at R3. The 
excess electrons in Sr also increases the availability of charges in the occupied 
Sr-4p states, and hence increase the W of R4. This may well be related to a sig-
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nature of strong correlation effects in this system in which the increase of spec-
tral weight near the valence band comes from much higher energy bands, i.e., 
O-2s (see Fig. 6.8 and discussion below). Thus, there is a charge transfer from 
O-2s to Sr-4p and the valence band. Since from X-ray photoemission spectros-
copy (XPS) and band structure calculation [122,218,219] it is known that semi-
cores O-2s states and Sr-4p states are located far from the valence band (~15 – 
20 eV), this signifies charge transfers across a very wide energy range, necessi-
tating the use of high energy optics to study them properly. 
 
At PO2 > 10
-3 Torr, the decrease of W is observed at R2 and R3, which suggests 
that the availability of charges in the valence band decreases as the pressure 
increases. In the valence band some of the electrons are supplied by the cations, 
so the decrease of W in these two regions indicates the presence of cationic va-
cancies, since oxygen vacancies are unlikely to form at high PO2 [216]. The 
presence of cationic vacancies at higher PO2 is consistent with both theoretical 
and experimental results [215,216]. 
 
By examining the W at R4 and R5, which increases as PO2 increases, it is found 
that that these cationic vacancies are from Ti vacancies. Since the occupied state 
for the transition in R4 is Sr-4p states, the increase of W at this region indicates 
that Sr vacancies is unlikely to be the cationic vacancies that form at high PO2. 
Since at high PO2 oxygen vacancies are unlikely to form [216], there should be 
no excess electrons in Sr and thus the number of electrons at Sr-4p should stay 
constant. Furthermore, the number of electrons at O-2s states should also remain 
unchanged. This indicates that the increase of W at R4 and R5 comes from the 
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increase of the number of unoccupied states of Ti-3d instead. According to pre-
vious study [220], the increase of the unoccupied Ti-3d states in TiO2-derived 
systems like SrTiO3 is an indication of the presence of Ti vacancies. Some elec-
trons in O-2p states are supplied by Ti, so the presence of Ti vacancies create 
holes in O-2p. Due to strong hybridization, these holes in O-2p also cause the 
number of unoccupied states of Ti-3d to increase, consistent with the increase 
of W at R4 and R5. This again signifies the importance of high energy optics, 
since the signature of the cationic vacancies is dominating at relatively high 
photon energies (15 – 35 eV). 
 
At R1, a spectral tail extends all the way to very low energies as PO2 increases 
above 10-3 Torr. This tail is due to an occupied mid-gap state created by the 
presence of Ti vacancies. This state might have O-2p characteristic, since the 
missing Ti atoms in the O-Ti-O bond causes the 2p orbitals of adjacent O atoms 
to overlap, creating a new defect state. So, for PO2 > 10
-3 Torr, there is charge 
transfer from the valence band to the unoccupied Ti-3d states and the mid-gap 
state. These charge transfers are depicted in Fig. 6.8. A similar observation of 
very large spectral weight transfers over a broad energy range (up to 40 eV) 












In summary, optical conductivity results over a wide range of photon energies 
of up to 35 eV show strong interplay between orbital reconstruction and intrinsic 
vacancies in SrTiO3. Depending upon the partial pressure of oxygen during the 
annealing process, different types of intrinsic vacancies can be induced. At 
lower pressures, oxygen vacancies dominate, yielding changes in the spectral 
weight transfer from semi-cores O-2s to the Sr-4p and the valence band states. 
Contrary to this, at higher pressures Ti vacancies dominate, resulting in a spec-
tral weight transfer from valence band states to unoccupied Ti-3d states as well 
as formation of mid-gap states. The changes of the spectral weight to such as 
high energy is a signature of correlations in high-energy optical conductivity of 
SrTiO3. The study shows the importance of high energy optical conductivity in 
understanding the intrinsic defects and the complex nature of the electronic band 
structure of SrTiO3 and wide bandgap oxides, in general.





Charge transfer and redistribution mechanisms in LaAlO3/SrTiO3 
 
In condensed matter physics the quasi two-dimensional electron gas at the in-
terface of two different insulators, polar LaAlO3 on nonpolar SrTiO3 
(LaAlO3/SrTiO3) is a spectacular and surprising observation. This phenomenon 
is LaAlO3-film-thickness dependent and may be explained by the polarization 
catastrophe model, in which a charge transfer of 0.5 e- from the LaAlO3 film 
into the LaAlO3/SrTiO3 interface is expected to compensate the internal polar-
ization potential divergence in LaAlO3. Here, by studying the optical conduc-
tivity in a broad energy range (0.5 – 35 eV) and supported by density functional 
theory calculations, it is shown that in conducting samples (above 4 unit cells 
of LaAlO3) there is indeed a ~0.5 e
- transfer from LaAlO3 into the 
LaAlO3/SrTiO3 interface, stabilized by the presence of oxygen vacancies in 
LaAlO3 film. Surprisingly, in insulating samples (below 4 unit cells of LaAlO3) 
a redistribution of charges within the polar LaAlO3 sub-layers (from AlO2 to 
LaO) as large as ~0.5 e- is observed, with no charge transfer into the interface, 
which is consistent with the LaAlO3 lattice distortions effects observed earlier. 
Hence, the results reveal the different mechanisms for the polarization catas-





7. Charge transfer and redistribution mechanisms in LaAlO3/SrTiO3 
157 
 
My main contributions in the work discussed in this chapter are in planning the 
experiment, measuring the data using spectroscopic ellipsometry and ultraviolet 
– vacuum ultraviolet reflectivity, and analyzing the resulting optical spectra us-
ing the self-consistent iteration procedure. The samples are prepared using 
pulsed-laser deposition and characterized using atomic force microscopy and 
electrical transport measurements by Dr. A. Annadi, Asst. Prof. Ariando, and 
Prof. T. Venkatesan, while the density functional theory calculations are done 
by J. Zhou, Dr. M. Yang, and Prof. Y. P. Feng with inputs from Prof. G. A. 




As discussed in Chapter 2, the quasi two-dimensional electron gas (2DEG) at 
the buried interface of two different insulator oxides heterostructure, polar 
LaAlO3 on non-polar SrTiO3 (LaAlO3/SrTiO3) [29] has shown many interesting 
phenomena ranging from insulator-metal transition (Fig. 2.6) [12], supercon-
ductivity [42], and magnetism (Fig. 2.7) [19-21,37-41]. According to the con-
troversial but compelling polarization catastrophe model (Fig. 2.9) [154], the 
polar sub-layers of LaAlO3 ((LaO)
+ and (AlO2)
-) give rise to a polarization field 
inside LaAlO3 that causes an electronic potential build-up as the LaAlO3 film 
thickness, 
3LaAlO
d , increases. To counter this, a charge transfer (electronic re-
construction) [157] of 0.5 e- per uc (~3×1014 cm-2) from LaAlO3 into the 
LaAlO3/SrTiO3 interface is required (Fig. 2.9) [45]. Various techniques have 
shown a charge transfer much less than this. For example, x-ray-based tech-
niques [137,161] have estimated up to 1.1×1014 cm-2 interface carrier density 
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while transport measurements [12,37,42] yield substantially smaller number of 
carriers of ~1013 cm-2. It has been suggested that charge localization effects 
might limit the number of mobile charges that can be measured by transport 
[162,163], and thus if a technique can measure and quantify both the localized 
and delocalized charges, one might be able to evaluate the actual charge transfer 
[137,161,163]. 
 
Another unresolved important issue is the insulating case of LaAlO3/SrTiO3 (
3LaAlO
d  ≤ 3 uc). Transport measurements (Fig. 2.6) [12] have shown that the 
conducting interface only exists above a certain critical thickness of LaAlO3, 
typically 
3LaAlO
d  ≥ 4 uc (although cationic stoichiometry, e.g., the La/Al ratio of 
LaAlO3 film, may also affect the interface conductivity, with conducting 
LaAlO3/SrTiO3 observed to have slightly Al-rich LaAlO3 film [51-53]). This 
means that the charge transfer into the interface required for countering the po-
larization catastrophe does not happen when the thickness of LaAlO3 is below 
4 uc. In turn, according to the prevalent polarization catastrophe model, the po-
larization field should be present for LaAlO3 thickness < 3 uc. One way to verify 
the model is to measure this polarization potential build-up in insulating 
LaAlO3/SrTiO3, which is predicted to be 0.24 VÅ
-1 (or ~0.9 V per LaAlO3 uc) 
[164]. However, attempts to measure this have not been successful using core-
level x-ray photoemission spectroscopy (XPS) [165,166], in which the meas-
ured core-level shift in LaAlO3 is only ~0.1 eV per uc of LaAlO3, much less 
than expected. If the changes in the band structure are predominantly near the 
valence bands and the Fermi level, then the appropriate technique should di-
rectly probe states near the valence bands and the Fermi level. 
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The problem can be approached from a different angle. Another way to over-
come the polarization potential is by charge redistribution within the LaAlO3 
layers. In a Gedankenexperiment, the hypothetical extreme case of charge re-
distribution of 1 e- between the AlO2 and LaO sub-layers of LaAlO3 is also ad-
equate to compensate the polarization potential, although the actual amount of 
charge redistribution might be restricted by electrostatics. Hence, instead of 
measuring the potential build-up in the layers, one can measure the charge re-
distribution within the layers directly. This can be done by measuring the optical 
conductivity involving states below and above the valence bands, the conduc-
tion bands, and the Fermi level, and then use the f-sum rule, which represents 
charge conservation, to quantify the charge redistribution. 
 
Furthermore, recent band structure calculations and surface x-ray diffraction 
(SXRD) measurements suggest that distortions of the LaAlO3 lattice (buckling) 
may partly compensate the polarization field in insulating LaAlO3/SrTiO3 
[10,11,158]. Interestingly, when the interface becomes conducting at 
3LaAlO
d  ≥ 
4 uc this distortion decreases and ultimately vanishes [10,11], indicating that the 
buckling mechanism is unique to the insulating case of LaAlO3/SrTiO3. This 
raises another important question: since the buckling is a structural change, will 
the electronic structure change appropriately, and manifest as a charge redistri-
bution within the LaAlO3 layer itself? Thus, it is again critical to be able to 
measure these intra-layer charge redistributions. 
 
As mentioned earlier, a direct way to probe the electronic band structure and 
charge (localized and delocalized) redistribution mechanisms is to measure the 
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complex dielectric function, ε(ω), of the material, from which the optical con-
ductivity can be extracted in a broad energy range [54-56]. In this chapter, a 
combination of spectroscopic ellipsometry (SE) and ultraviolet-vacuum ultravi-
olet (UV-VUV) reflectivity (see Chapter 3 for details) is used to probe the in-
trinsic properties of the LaAlO3/SrTiO3 interface using photon with energies 
between 0.5 – 35 eV. Due to a stabilized Kramers-Kronig transformation [57-
64] (see Chapter 4 for details), the strength of this experimental approach allows 
one to measure the charge transfer of both delocalized and localized charges 
accurately using the optical f-sum rule. Since localized electrons are inaccessi-
ble to electrical transport measurements, but are accessible by photons, a severe 
constraint can be overcome. In particular, the optical transitions involving AlO2 
sub-layer of LaAlO3 is very distinct and well-separated from the ones involving 
LaO sub-layer, so that the internal charge redistribution within the LaAlO3 sub-
layers can be clearly identified. The same is also true for the TiO2 and SrO sub-
layers of SrTiO3. 
 
Here, the results show that in conducting LaAlO3/SrTiO3 (4 and 6 uc of LaAlO3 
film on SrTiO3) there is indeed a charge transfer from LaAlO3 into the interface, 
and that the amount of charge transfer is ~0.5 e- [71]. This charge transfer is 
stabilized by the presence of oxygen vacancies in LaAlO3 film. In the insulating 
case (2 and 3 uc of LaAlO3 film on SrTiO3), a ~0.5 e
- charge redistribution from 
AlO2 to LaO sub-layers within the LaAlO3 layers is surprisingly observed. This 
suggests that for the insulating case the polarization catastrophe could be partly 
overcome by the above-mentioned charge redistribution, which may be a con-
sequence of the lattice distortions of the LaAlO3 film. Density functional theory 
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calculations further reveals the interplay of electronic reconstruction, surface 
oxygen vacancies, and lattice distortions in compensating the polarization ca-
tastrophe that agrees very well with experimental observations [72]. 
 
7.2. Experimental and theoretical calculations methods 
 
7.2.1. Sample preparation and characterization 
 
LaAlO3/SrTiO3 samples are prepared by growing LaAlO3 film on top of (001) 
SrTiO3 substrates obtained from CrysTec using pulsed-laser deposition (PLD) 
[39,197]. Prior to the growth, the SrTiO3 substrates are treated using HF and are 
annealed at 950 °C for 2 hours in O2 flow to achieve the desired TiO2 surface 
termination [87]. The atomic force microscopy (AFM) topography image of the 
TiO2-terminated SrTiO3 substrate is shown in Fig. 7.1(a), which clearly shows 
the atomically flat surface with unit cell steps. The growth target is LaAlO3 sin-
gle crystal, also obtained from CrysTec. The deposition pressure is 10-3 Torr, 
with background pressure of 10-9 Torr. The deposition temperature is 750 ºC, 
with cooling rate of 10 ºC per minute at the deposition pressure. The laser pulse 
frequency is 1 Hz. Four samples with varying thicknesses of 2, 3, 4, and 6 uc of 
LaAlO3 film are made, as monitored using reflective high energy electron dif-
fraction (RHEED) (Fig. 7.1(b)). 
 




Figure 7.1: Characterization results and crystal structure of 
LaAlO3/SrTiO3. (a) Atomic force microscopy (AFM) topography image of 
TiO2 terminated SrTiO3 substrate. The scale bar is 1 μm. (b) Reflective high 
energy electron diffraction (RHEED) oscillations obtained for growth of 3 unit 
cells (uc) of LaAlO3 film on SrTiO3 substrate, inset shows obtained RHEED 
pattern after the LaAlO3 growth. (c) AFM topography image of 4 uc 
LaAlO3/SrTiO3, showing the preserved atomically smooth surface. The scale 
bar is 1 μm. (d) The surface roughness of 4 uc LaAlO3/SrTiO3 as extracted from 
the AFM data, measured to be ~1 Å. For other LaAlO3/SrTiO3 samples (2, 3, 
and 6 uc LaAlO3/SrTiO3), the roughness variation and the surface AFM images 
are found to not alter very much as the LaAlO3 thickness is below 15 uc and the 
layer-by-layer growth mode is preserved. (e) Electrical transport data of the 
LaAlO3/SrTiO3 samples as a function of LaAlO3 film thickness. (f) Crystal 




After LaAlO3 deposition, AFM topography measurements show that the atom-
ically flat surface with unit cell step and terrace structure of SrTiO3 is preserved, 
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with surface roughness of ~1 Å (Figs. 7.1(c) and 7.1(d)). This ensures that sur-
face roughness effects do not adversely affect the optical measurements. 
Transport measurements (Fig. 7.1(e)), which are taken before and after the op-
tics measurements, show consistently that the 2 and 3 uc samples are insulating 
with carrier density and conductivity below the measurement limit, while the 4 
and 6 uc ones are conducting with carrier density of 4×1013 – 6×1013 cm-2 and 
conductivity of 4×10-5 – 8×10-5 Ω-1, consistent with previous transport results 
(Fig. 2.6) [12,37,39,42]. 
 
Besides the thickness-dependent LaAlO3/SrTiO3 samples, pristine bulk LaAlO3 
and bulk SrTiO3 samples are also prepared for reference. The LaAlO3/SrTiO3 
samples are also used as the case study for the self-consistent iteration procedure 
discussed in Chapter 5 [69]. The sample preparation and characterization tech-
niques are discussed in more details in Chapter 3. 
 
7.2.2. Optical measurements and analysis 
 
The optical measurements are performed using a combination of SE (0.5 – 5.4 
eV), and UV-VUV reflectivity (3.7 – 35 eV) [54-56] (see Chapter 3 for details). 
The SE measurements are performed at 60 º, 70º, and 80 º incident angles with 
45º linear polarization, while the UV-VUV reflectivity measurements are per-
formed at 17.5º incident angle with light polarization parallel to the sample sur-
face. All optical measurements are done at room temperature. 
 




Figure 7.2: Reflectivity and optical conductivity of each layer of 
LaAlO3/SrTiO3. (a) Reflectivity of LaAlO3/SrTiO3 as compared to bulk 
LaAlO3 and bulk SrTiO3. (b) Extracted optical conductivity (σ1) of LaAlO3 
films at different thickness of LaAlO3 film, compared to bulk LaAlO3. (c) Ex-
tracted optical conductivity of the LaAlO3/SrTiO3 interface at different thick-
ness of LaAlO3 film, compared to bulk SrTiO3 [71]. Note that the plots for 2 
and 3 unit cells (uc) LaAlO3/SrTiO3 are the same due to the nature of the itera-
tion analysis used to extract σ1 from reflectivity, and the same is true for the 4 
and 6 uc LaAlO3/SrTiO3 [69]. The σ1 plots are divided into several energy re-
gions, A1 – A3 for LaAlO3 and B1 – B5 for SrTiO3 and the interface. The regions 
are defined based on the distinct optical transitions associated with it, which in 
turn based on theoretical calculations and previous reflectivity and valence elec-
tron energy loss spectroscopy [65,110,122,133,222]. 
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Both the SE and the high-energy reflectivity data was analysed using a combi-
nation of Drude-Lorentz oscillator multilayer fitting [64,201] (see Chapter 4 for 
details) and self-consistent iteration procedure (see Chapter 5 for details [69]). 
For bulk LaAlO3 and bulk SrTiO3, the analysis is straightforward, because the 
measured Ψ, Δ, and reflectivity only depend on the ε(ω) of one material (see 
Chapter 4 for details). The ε(ω) of bulk LaAlO3 and bulk SrTiO3 can be obtained 
directly from the measured Ψ and Δ spectra, which then can be used to extract 
the self-normalized reflectivity in the energy range of 0.5 – 5.6 eV. The self-
normalized reflectivity is used to normalize the measured UV-VUV reflectivity 
data to obtain the high-energy reflectivity in the broad energy range of 0.5 – 35 
eV, as shown in Fig. 7.2(a). From the normalized reflectivity, the ε(ω) of bulk 
LaAlO3 and bulk SrTiO3 is obtained using Kramers-Kronig-transformable 
Drude-Lorentz oscillator (Eq. 4.18) fitting, which is performed until an opti-
mized least-chi-square fit (Eq. 4.45) is achieved. The resulting ε(ω) of bulk 
LaAlO3 and bulk SrTiO3 is shown in Figs. 5.8(b) and 5.16. 
 
On the other hand, the analysis of the optics data of the LaAlO3/SrTiO3 samples 
is not as straightforward, because LaAlO3/SrTiO3 is layered along the <001> 
direction (perpendicular to the (001) surface of the sample) due to its hetero-
structure nature as well as the presence of the conducting layer at 
LaAlO3/SrTiO3 interface. For this reason, the reflectivity of LaAlO3/SrTiO3 is 
analysed based on standard theory of wave propagation in a stratified media 
(Eq. 5.1) [175,181]. The analysis naturally leads to a three-layered structure for 
the conducting LaAlO3/SrTiO3: LaAlO3 film layer on top, bulk SrTiO3 substrate 
at the bottom, and an interface layer sandwiched in between, representing the 
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2DEG of the conducting samples (Fig. 5.1(b)), consistent with previous obser-
vation using cross-sectional CT-AFM [136]. 
 
The SE spectra are analysed using the angle-dependent iteration procedure (see 
Chapter 5 for details [69]), since they are taken at three different incident angles 
of 60°, 70°, and 80°. The fitting results are shown in Figs. 5.3 – 5.7. For con-
ducting LaAlO3/SrTiO3, the angle-dependent iteration also results in a conduct-
ing interface layer thickness of ~5.3 nm, as shown in Fig. 5.4 and consistent 
with previous results using CT-AFM [136], HXPS [137], infrared ellipsometry 
[138], and theoretical calculations [139,140]. Furthermore, from these variable-
angle SE results, the absence of adsorbate layer and the absence of significant 
anisotropy can also be inferred. 
 
From the angle-dependent iteration of the SE data described above, the ε(ω) of 
each constituent layer of each LaAlO3/SrTiO3 is obtained. From there, the self-
normalized reflectivity in the energy range of 0.5 – 5.6 eV is extracted using 
Eqs. 3.7 – 3.9, 4.4, and 5.1. In turn, this self-normalized reflectivity is used to 
normalize the measured UV-VUV reflectivity to obtain the normalized high-
energy reflectivity spectra in the broad energy range of 0.5 – 35 eV, as shown 
in Fig. 7.2(a) (see Chapter 4 for details). The normalized high-energy reflectiv-
ity data is then fitted using thickness-dependent iteration procedure (see Chapter 
5 for details [69]), and the results of the fitting are shown in Figs. 5.12 and 5.15. 
From these analyses, the high-energy ε(ω) of each constituent layer of 
LaAlO3/SrTiO3 can be extracted from the high-energy reflectivity of 
LaAlO3/SrTiO3, as shown in Fig. 5.15. For insulating LaAlO3/SrTiO3, it can be 
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seen that the ε(ω) at interface is very similar to that of bulk SrTiO3, which means 
that the analysis naturally converges into an effective two-layered structure in-
stead of a three-layered one. This can be easily understood due to the absence 
of the conducting interface layer. 
 
7.2.3. Theoretical calculations methods 
 
7.2.3.1. Density functional theory calculations 
 
The theoretical calculations are performed using density-functional theory 
based on Vienna ab initio Simulation Package (VASP) [223,224] with the 
Perdew-Burke-Ernzerhof (PBE) approximation for the exchange-correlation 
functional and the frozen-core all-electron projector-augmented wave (PAW) 
method [225]. The cutoff energy for the plane wave expansion was set to 400 
eV. Gamma centered k-point grids for Brillouin zone sampling were set to 
3×3×1 for ionic relaxations and 6×6×1 for static calculations, respectively. 
 
Three cases of LaAlO3-thickness-dependent LaAlO3/SrTiO3 heterostructures 
are considered in the calculations. The first case is the rigid stoichiometric 
LaAlO3/SrTiO3 structure, where the lattice structure is rigid without allowing 
for lattice relaxations. The second case is the relaxed stoichiometric 
LaAlO3/SrTiO3 structure, where the lattice is allowed to relax. The third case is 
the relaxed LaAlO3/SrTiO3 with surface VO, where the lattice is allowed to relax 
and ¼ VO per AlO2 sub-layer is created at the AlO2-terminated surface of 
LaAlO3. The main cases that will be discussed in details are the second and the 
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third cases, while the first case is calculated for reference purposes. 
 
For all cases, 2×2×1 LaAlO3/SrTiO3 supercells are used to simulate 2, 3, 4, 5, 
and 6 uc LaAlO3/SrTiO3. The surface VO in the third case is created by removing 
one oxygen atom from the surface AlO2 sub-layer of the stoichiometric 2×2×1 
LaAlO3/SrTiO3 supercells. The number of SrTiO3 layers is fixed to 2 uc while 
the thickness of the LaAlO3 film is varied from 2, 3, 4, 5, and 6 uc. In order to 
minimize the interaction between neighbor surfaces, a 13 Å vacuum is applied 
along (001) plane of all interface structures. The lateral lattice constant of these 
supercells is fixed to 7.896 Å, which is twice the equilibrium value of the lattice 
constant of bulk SrTiO3, consistent with previous studies [50,159]. For the re-
laxed LaAlO3/SrTiO3 cases (second and third cases), all atoms except the bot-
tom SrO sub-layer are allowed to relax until the forces are smaller than 0.02 
eVÅ-1. To avoid spurious electric field effects, dipole corrections are included. 
The internal electric field in LaAlO3 is calculated from the slope of the macro-
scopically-averaged electrostatic potentials [226]. 
 
7.2.3.2. Oxygen vacancy formation energy calculations 
 
The formation energy (Ef) of the VO are defined by: 
 f total host O ,E E E T P   ,                               (7.1) 
where Etotal is the calculated total energy of slabs with oxygen vacancies, Ehost 
the energy for the stoichiometric 2×2×1 supercells, and μO(T, P) the chemical 
potential of oxygen, which is related to the sample growth environment. Exper-
imentally, the upper limit of oxygen partial pressure for layer-by-layer epitaxial 
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growth of LaAlO3 films on SrTiO3 is 5×10
-2 mbar, while the lower limit is 1×10-
6 mbar at the growth temperature of 850 °C [39]. From these data, the corre-
sponding energy of the upper and lower oxygen chemical potential can be cal-
culated using [227] 










   
 
,                      (7.2) 
where μO(T, P0) is the chemical potential of oxygen at P0 = 1 atm. The μO(T, P0) 
can be obtained from ΔμO(T, P0), which is the relative oxygen chemical poten-
tial to the energy of ½ O2, 
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.                                    (7.5) 
Here, CP = 3.5 kB, while H0 = 8.7 kJ mol
-1 and S0 = 205 J mol
-1K-1 are the 
enthalpy and the entropy of O2 in standard condition (T0 = 298 K, P0 = 1 atm), 
respectively. From these calculations, the corresponding upper and lower en-
ergy limit of oxygen chemical potential can be obtained to be -6.77 eV and -
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7.3. Results and discussion 
 
7.3.1. Spectroscopic ellipsometry and high-energy reflectivity 
 
The high-energy reflectivity of LaAlO3/SrTiO3 at different thicknesses of 
LaAlO3 as compared to bulk LaAlO3 and SrTiO3 is shown in Fig. 7.2(a). Note 
that, due to the challenge in making optical measurements over such a broad 
energy range, in this study only a selected set of samples are measured as rep-
resentative of insulating (2 and 3 uc) and conducting (4 and 6 uc) 
LaAlO3/SrTiO3. Thus, further measurements on a larger set of samples may be 
important in further deepening the analyses. It can be seen that the reflectivity 
spectra of the insulating 2 and 3 uc LaAlO3/SrTiO3 are similar, and the same is 
true for the conducting 4 and 6 uc LaAlO3/SrTiO3. 
 
Surprisingly, there are huge differences between reflectivity of insulating and 
conducting samples. These differences occur more significantly at high photon 
energies, particularly in the energy ranges of 9 – 14 eV and 14 – 21 eV. In the 
9 – 14 eV range, the reflectivity of conducting samples is lower than insulating 
samples, while in the 14 – 21 eV range the opposite occurs. In contrast, between 
4 – 9 eV, the differences are less, and below 4 eV negligible. This signifies why 
going beyond conventional (up to ~5 eV) spectroscopic ellipsometry is im-
portant. (Note that the spectroscopic ellipsometry data is crucial for the normal-
ization of the derived dielectric functions from the reflectivity measurements 
made up to 35 eV as shown in Chapter 4.) The electronic band structures of the 
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insulating and conducting LaAlO3/SrTiO3 are very different at high photon en-
ergies, and these differences are critical in revealing the true nature of 
LaAlO3/SrTiO3 interface. Furthermore, since reflectivity and spectroscopic el-
lipsometry are sensitive to unpercolated clusters of charges [228], the similarity 
of the reflectivity of insulating 2 and 3 uc LaAlO3/SrTiO3 also implies that there 
is no evidence of precursor of percolation effects in the insulating samples, es-
pecially the 3 uc LaAlO3/SrTiO3 [229]. 
 
7.3.2. Optical conductivity analysis 
 
For detailed analysis, the discussion is turned to optical conductivity, σ1(ω), be-
cause it fulfils the optical f-sum rule (Eq. 4.29), which is related to number of 
charges excited by the photons. From the self-consistent iteration procedure (see 
Chapter 5 for details [69]), the ε(ω), and thus the σ1(ω) via Eq. 6.1, of each 
constituent layer of LaAlO3/SrTiO3 can be extracted separately, so that their 
concomitant evolution as the interface changes from insulating to conducting 
can be analysed. Spectra of σ1(ω) for each layer are shown in Figs. 7.2(b) and 
7.2(c). It should be noted that the plots for 2 and 3 unit cells (uc) LaAlO3/SrTiO3 
are the same due to the nature of the iteration process (see Chapter 5 for details 
[69]), and the same is true for the 4 and 6 uc LaAlO3/SrTiO3. 
 
In the context of σ1(ω) analysis, the perovskite LaAlO3 unit cell (Figs. 2.1(b) 
and 7.1(f)) can be divided into two sub-layers: LaO and AlO2, in which theoret-
ical calculations have shown that the band structures of these discriminated sub-
layers are indeed different [158,164], leading to distinct optical transitions. To 
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accommodate the assignments of these optical transitions, OLa is defined as the 
O in the LaO plane and OAl is defined as the O in the AlO2 plane. Likewise, 
SrTiO3 also has similar layered perovskite structure and thus can also be divided 
into two sub-layers: SrO and TiO2. Then, OSr is defined as O that belongs to 
SrO sub-layer, while OTi is defined as the one in TiO2. Similarly, the O in the 
different planes of SrTiO3 can also lead to distinct optical transitions. This dis-
crimination is important, as discussed later, because it can reveal the intra- and 
inter-layer charge transfer mechanisms in LaAlO3/SrTiO3 for both the insulat-
ing and conducting samples. 
 
For LaAlO3, one can, based on band structure calculations [133,222], divide 
σ1(ω) into three main optical regions, while σ1(ω) of SrTiO3 can be divided into 
five main optical regions [65,110,122]. Every transition is unique and originates 
from different orbitals in each layer and sub-layer, and these are summarized in 
Table 7.1. Furthermore, the polarization of the incident light is also taken into 
account in assigning the optical transitions. Since the incident light is linearly-
polarized parallel to the sample surface, the majority of the optical transitions 
occur in the in-plane direction within each sub-layer, allowing us to study spec-
tral weight transfers between the different sub-layers. For example, in A1 region 
of LaAlO3 the transition is from OLa-2p to La-4d,5f, both of which reside within 
the LaO sub-layer of LaAlO3. The other transitions also follow this convention. 
 
Figure 7.2(b) shows that σ1(ω) of LaAlO3 film of insulating and conducting 
LaAlO3/SrTiO3 is dramatically different as compared to bulk LaAlO3. Particu-
larly, σ1(ω) in A1 region of LaAlO3 film in the insulating samples is higher than 
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the bulk value, while for the conducting samples it is lower. Meanwhile, the 
reverse is true in A2 region. It is very clear that there are spectral weight transfers 
occurring between these three regions when the thickness of LaAlO3 film in-
creases and the interface goes from insulating to conducting state. 
 
Table 7.1: Main optical transitions of bulk LaAlO3 and bulk SrTiO3. The 
assignments are based on theoretical calculations and previous reflectivity and 
valence electron energy loss spectroscopy [65,110,122,133,222]. Note that the 
transition B3 does not exist in bulk SrTiO3; rather it is a new transition that arises 
from the new interface state at the conducting interface of LaAlO3/SrTiO3 as a 
characteristic of the two-dimensional electron gas (2DEG), which includes the 
newly-occupied Ti-3d-t2g states. 
 
Region Main Optical Transition Photon Energy (eV) 
LaAlO3   
A1 OLa-2p → La-4f,5d 0.5 – 10.6 
A2 OAl-2p → Al-3s 10.6 – 21.5 
A3 OLa-2s → La-4f,5d 
& OAl-2s → Al-3p 
21.5 – 35.0 
SrTiO3   
B1 OTi-2p → Ti-3d-t2g 0.5 – 7.1 
B2 OTi-2p → Ti-3d-eg 
& OSr-2p → Sr-4d 
7.1 – 11.3 
B3 (only occurs at 
conducting interface) 
interface state → 
higher OTi orbitals 
11.3 – 15.1 
B4 Sr-4p → Ti-3d 15.1 – 22.7 
B5 OTi-2s → Ti-3d 
& OSr → Sr-4d 
22.7 – 35.0 
 
 
In Fig. 7.2(c), it can be seen that σ1(ω) of the interface layer to a significant 
extent resembles σ1(ω) of the bulk SrTiO3. This indicates that the electronic 
interface layer is SrTiO3-like, and that the conducting layer mostly resides in 
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SrTiO3 side rather than LaAlO3. This is also supported by the thinness of the 
LaAlO3 film, such that any interface effects should modify the whole LaAlO3 
film, not only the region near the interface, as evident by the significant differ-
ences between the σ1(ω) of LaAlO3 film of both insulating and conducting 
LaAlO3/SrTiO3 with that of bulk LaAlO3 in Fig. 7.2(b). The most significant 
change in σ1(ω) happens at B3 region when the interface becomes conducting. 
In bulk SrTiO3, that region corresponds to a valley with no main optical transi-
tion. Interestingly for the conducting samples a completely new peak emerges 
in that region. This implies that when the interface becomes conducting, a new 
characteristic interface state emerges representing the presence of the 2DEG. 
According to previous reports [8,47,137,158,161,163,164], the 2DEG resides in 
the Ti-3d-t2g state of SrTiO3, so this new interface state should also have Ti-3d-
t2g characteristic. Thus, based on the optical selection rules, the optical transition 
at B3 region may be assigned to originate from the this new interface state to 
unoccupied states of higher O orbitals (Table 7.1). One should note that the 
σ1(ω) spectra of the interface layer of conducting LaAlO3/SrTiO3 does not show 
Drude response, consistent with previous infrared SE experiment [138]. 
 
7.3.3. Estimation of charge transfer and redistribution 
 
The σ1(ω) analysis is very important because it can be linked to the effective 
number of electrons associated with a particular optical transition, Neff, using 
the partial f-sum rule as defined in Eq. 4.31. From here, neff can then be defined 
as the Neff of each constituent layer of LaAlO3/SrTiO3 relative to either bulk 
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LaAlO3 (for LaAlO3 film) or bulk SrTiO3 (for interface layer) values. The ad-
vantage of this definition is that any changes in Neff in LaAlO3 film or the inter-
face layer can be distinguished from the bulk properties. 
 
In LaAlO3/SrTiO3 (and thin films in general), the thickness of the LaAlO3 film 
and interface layer is finite, so neff distributes over this finite thickness. If the 
distribution is assumed to be uniform over each uc, the neff per uc, nuc, can be 




n n dx n d  ,                                       (7.6) 
where d is the thickness in uc. To get the accurate number, the volume V in 
which the electrons reside needs to be carefully considered. 
 
As discussed in Chapter 2, both LaAlO3 and SrTiO3 crystal structures can be 
thought of as an alternating layer structure. LaAlO3 consists of alternating polar 
(LaO)+ and (AlO2)
- sub-layers, while SrTiO3 consists of alternating non-polar 
SrO and TiO2 sub-layers (Figs. 2.1(b), 2.8, and 7.1(f)). Due to this layered struc-
ture, in a first approximation each cation (La and Al for LaAlO3, Sr and Ti for 
SrTiO3) only occupies a volume of half uc (instead of the full one uc). For ex-
ample, the La of LaAlO3 has to share the space of one uc with Al (with each 
getting half), and likewise the Sr of SrTiO3 has to share with Ti. Furthermore, 
for LaAlO3 the valence electrons of the O atoms that belong to the two different 
sub-layers (LaO and AlO2) contribute to two different optical transitions in the 
σ1 spectra (Fig. 7.2(b) and Table 7.1). Thus, OLa also has to share the space of 
one uc with OAl, with each getting the space of half uc. The same is true for 
SrTiO3, where the OSr in the SrO plane also has to share the space of one uc 
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with the OTi in the TiO2 plane. 
 
 
Figure 7.3: Effective number of charge per unit cell (uc) of LaAlO3 and 
interface layer of LaAlO3/SrTiO3. (a) The effective number of charge per uc, 
nuc, of LaAlO3 film, if the charge distribution is assumed to be uniform over the 
LaAlO3 thicknesses (2, 3, 4 and 6 uc). (b) The nuc of the LaAlO3/SrTiO3 inter-
face, if the charge distribution is assumed to be uniform over the interface thick-
ness (~5.3 nm) [71]. Each of these energy regions can be attributed to distinct 
optical transitions [65,110,122,133,222]. The error bars are obtained from the 
resolution limitation of the optics measurements and the errors introduced dur-




The considerations above imply that the valence electrons belonging to the dif-
ferent ions can also be approximated to reside in a volume of half uc. Further-
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more, as discussed in Chapter 2, the atomic packing factor of a perovskite struc-
ture (APFperovskite) can be approximated to be ~0.754 (Eq. 2.1) [73,75]. Thus, to 






V V  ,                                   (7.7) 
where Vuc is the volume of one uc of LaAlO3 (lattice constant a0 = 3.81 Å) or 
SrTiO3 (a0 = 3.905 Å), whichever applicable. This consideration makes the unit 
of nuc to be the number of charge per sub-layer. The result for this nuc estimation 
is shown in Fig. 7.3. For 2 uc LaAlO3/SrTiO3, the nuc is ~0.20 e
- – 0.23 e-, while 
for 3 uc LaAlO3/SrTiO3, the nuc is ~0.14 e
- – 0.16 e-. Then, the neff , which is the 
total amount of charge redistribution and transfer corresponding to a particular 
optical transition, can be obtained by integrating nuc over the layer thickness, as 
shown in Fig. 7.4. 
 
The error bars in Figs. 7.3 and 7.4 are estimated as follows. First, the errors 




, is estimated using Eqs. 4.47 and 4.48 




 into the 













 using the standard deviation method according to Eq. 6.4. 
 




Figure 7.4: The amount of charge redistribution and transfer in insulating 
and conducting LaAlO3/SrTiO3. (a) The amount of charge redistribution and 
transfer corresponding to different energy regions in the optical conductivity, 
σ1(ω), spectra of the LaAlO3 film layer, relative to bulk LaAlO3 values and plot-
ted against LaAlO3 film thickness. (b) The amount of charge redistribution and 
transfer corresponding to different energy regions in the σ1(ω) spectra of the 
LaAlO3/SrTiO3 interface layer, relative to bulk SrTiO3 values and plotted 
against LaAlO3 film thickness [71]. Each of these energy regions can be at-
tributed to distinct optical transitions [65,110,122,133,222]. The error bars are 
obtained from the resolution limitation of the optics measurements and the er-




7.3.4. Charge transfer and redistribution analysis 
 
From Fig. 7.4, the charge transfers and redistributions that happen in the insu-
lating and conducting cases of LaAlO3/SrTiO3 can be analyzed as follows. In 
7. Charge transfer and redistribution mechanisms in LaAlO3/SrTiO3 
179 
 
the insulating samples (2 and 3 uc LaAlO3/SrTiO3), the neff of A1 region of 
LaAlO3 film increases by ~0.5 e
-, while for A2 region it decreases instead, also 
by ~0.5 e-, as shown in Fig. 7.4(a). The net amount of the charge transfer in 
LaAlO3 film is thus (+0.5 e
-) + (-0.5 e-) = 0. This indicates a redistribution of 
~0.5 e- from OAl-2p (AlO2 sub-layer) to OLa-2p (LaO sub-layer), as shown Table 
7.1. Based on the f-sum rule, this directly implies that there is no net charge 
transfer into the LaAlO3/SrTiO3 interface. As a result, the LaAlO3/SrTiO3 inter-
face remains insulating. Since the LaAlO3 film (and the system as a whole) re-
mains insulating, the ~0.5 e- charge redistribution does not result in the creation 
of electrons and holes in the LaO and AlO2 sub-layers but rather an increase of 
covalence between the LaO and AlO2 sub-layers, leading to the measured 
charge redistribution. 
 
One way to interpret this result is by considering that the charge redistribution 
is uniform for all LaAlO3 layers. In this case, the covalence of AlO2 becomes 
modified from -1 to -(1-nuc) and the covalence of LaO from +1 to +(1-nuc) (Fig. 
7.5(a)). This charge redistribution within the LaAlO3 sub-layers (i.e., electronic 
reconstruction [157]) can thus help to decrease the potential build-up in the 
LaAlO3 film and partially compensate the polarization catastrophe. Combined 
with ionic reconstruction mechanisms such as the LaAlO3 lattice distortions and 
ionic relaxations effects predicted [158] and observed earlier using SXRD 
[10,11] and second harmonic generation [229], this observed charge redistribu-
tion may well arise from such a mechanism. The lattice distortions give rise to 
opposing dipoles that can partially counteract the internal polarization potential 
divergence in LaAlO3, which compensates the polarization catastrophe without 
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charge transfer into the interface [158]. 
 
 
Figure 7.5: Simplified pictorial layer-resolved electronic configuration 
model of LaAlO3/SrTiO3. (a) Layer-resolved electronic configuration model 
of insulating LaAlO3/SrTiO3, showing the charge redistribution from AlO2 sub-
layer into LaO sub-layer if the redistribution is assumed to be uniform across 
the LaAlO3 film. The nuc is ~0.20 e
- – 0.23 e- for the 2 uc LaAlO3/SrTiO3, and 
~0.14 e- – 0.16 e- for the 3 uc LaAlO3/SrTiO3. The charge redistribution can 
partially counteract the potential build-up due to polarization catastrophe 
[45,154] and keep the system insulating. (b) Layer-resolved electronic configu-
ration model of conducting LaAlO3/SrTiO3, showing the overall charge transfer 
of 0.5 e- from LaAlO3 film into the LaAlO3/SrTiO3 interface, consistent with 
the polarization catastrophe model. In this simple picture, the extra 0.5 e- is de-
picted to reside only within the first uc of interface, while in our results it is 
distributed over the ~5 nm thickness on the interface. To ensure charge conser-
vation, one of the upper layers of LaAlO3 (i.e., in the dot-signed region above 
the depicted third layer of LaAlO3) should have AlO2 sub-layer with valence 
state of (AlO2)





Another possible scenario that can be considered to interpret the data is that, 
instead of involving the whole LaAlO3 layers, the charge redistribution only 
happens at the topmost (i.e., surface) LaAlO3 layer. In this case, the covalence 
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of surface AlO2 becomes modified from -1 to -0.5 and the covalence of surface 
LaO from +1 to +0.5, but the deeper LaAlO3 layer remains unchanged, since 
the charge redistribution is confined only in the surface (i.e., surface reconstruc-
tion). In this scenario, the surface charge redistribution is still able to partially 
compensate the polarization catastrophe, but it is in less of an agreement with 
the lattice distortions effects, since the lattice distortions were observed experi-
mentally, and supported by theoretical calculations [10,11,158], to affect the 
whole LaAlO3 film, not only the surface. 
 
On the other hand, for conducting samples a different phenomenon is observed. 
The neff of both A1 and A2 regions of LaAlO3 film decreases (Fig. 7.4(a)). For 
A1 region it decreases by ~0.29 e
-, while for A2 region it decreases by ~0.16 e
-, 
leading to an overall ~0.5 e- decrease of neff in the LaAlO3 film. At the same 
time, for the interface layer the most significant change that happens when 
LaAlO3/SrTiO3 becomes conducting is the increase of neff of B3 region by ~0.5 
e- (Fig. 7.4(b)). The total charge transfer within the whole LaAlO3/SrTiO3 sam-
ple is thus again 0, with the decrease of ~0.5 e- in LaAlO3 film compensated by 
the increase of ~0.5 e- at the interface. Based on the f-sum rule, this clearly 
indicates that there is a charge transfer of ~0.5 e- from the LaAlO3 film into the 
interface to form the 2DEG (Fig. 7.5(b)), consistent with the polarization catas-
trophe model (Fig. 2.9) [45]. Based on the definition of neff, this ~0.5 e
- extra 
charge at the interface is distributed over the ~5.3 nm thickness of the interface 
(which mostly resides in the SrTiO3-side). 
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Moreover, it can be seen from Fig. 7.2(c) that the B3 peak, which involves the 
transition from the new interface state that contains this ~0.5 e- extra charge, is 
very broad (~4 eV wide), which means that the ~0.5 e- is distributed over a 
rather wide energy range. This may be one of the reasons why transport exper-
iments can only measure a fraction of this ~0.5 e-, since only a small portion of 
the charge is delocalized and thus able to contribute to electrical conductivity. 
 
Furthermore, Fig. 7.4(b) also shows that the neff of B1 and B5 regions, both of 
which involve transitions into the unoccupied Ti-3d-t2g states, decrease by ~0.05 
e- (i.e. ~10% of 0.5 e-). This implies that the new interface state of conducting 
LaAlO3/SrTiO3 has Ti-3d-t2g characteristic [8,47,137,158,161,163,164], so the 
extra ~0.5 e- also partially fills the previously-unoccupied Ti-3d-t2g state of 
SrTiO3. This decrease is consistent with previous observations using x-ray ab-
sorption spectroscopy (XAS) experiments [47,161]. In XAS at Ti-L3,2 edges of 
conducting LaAlO3/SrTiO3, the excitation to the unoccupied Ti-3d-t2g states 
also decreases compared to bulk SrTiO3. Intriguingly, these decreases are much 
smaller if one assumes that all of the ~0.5 e- extra charge partially fills the Ti-
3d-t2g unoccupied DOS. This is because, based on this assumption, one would 
expect to observe the decrease of Ti-3d-t2g unoccupied DOS (and thus the neff 
of B1 and B5 regions) in conducting LaAlO3/SrTiO3 also by an equivalent of 
~0.5 e-. However, this is not the case, which implies that the ~0.5 e- extra charge 
contained within the new interface state does not only reduce the number of 
unoccupied Ti-3d DOS, but surprisingly also other states at even higher ener-
gies, implying the importance of strong correlations and hybridizations effects 
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in explaining the interlayer charge transfer in conducting LaAlO3/SrTiO3 
[54,212,214]. 
 
Another interesting observation to note is that in the conducting samples the neff 
of A3 region of LaAlO3 film also decreases by ~0.15 e
- (Fig. 7.4(a)). The tran-
sition in this region corresponds to O-2s state, which is strongly localized and 
directly corresponds to the availability of oxygen in the LaAlO3 film. Thus, the 
decrease of O-2s DOS can indicate the presence of oxygen vacancies (VO) in 
the LaAlO3 film of the conducting samples. This is interesting because it has 
been suggested that the presence of VO in LaAlO3 film may enhance the charge 
transfer from LaAlO3 film into LaAlO3/SrTiO3 interface [50,143,159,163]. Be-
cause of the charge transfer into the interface, the LaAlO3 film lacks ~0.5 e
- 
(i.e., has additional ~0.5 h+), so the extra e- created by the oxygen vacancy may 
partially compensate these holes and stabilize the charge transfer. If the VO is 
assumed to be concentrated on the surface AlO2 sub-layer of LaAlO3 
[50,143,159,163], the ~0.15 e- decrease is equivalent to a concentration of ~1/12 
VO per surface AlO2 sub-layer. Interestingly, in insulating LaAlO3/SrTiO3 this 
VO signature is not observed. 
 
It is noteworthy to reconcile the results with photoconductivity effects observed 
in LaAlO3/SrTiO3. Previous transport results [145,230,231] have shown that 
when LaAlO3/SrTiO3 was illuminated by photons with energies higher than the 
SrTiO3 bandgap, its conductivity could increase due to the presence of photo-
generated carriers. Based on HXPS results [137], the amount of these photo-
generated carriers is estimated to be 2.1×1013 cm-2 (~0.03 e-), which is much 
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smaller than the number of e- contributed to the charge transfer and charge re-
distributions observed in our results (~0.5 e-). Thus, the photoconductivity ef-
fects might only influence the estimated neff by ~6 %, and do not affect the anal-
ysis adversely. 
 
Recent observations have also indicated that the cationic stoichiometry, e.g., the 
La/Al ratio in LaAlO3 film, may affect the electrical properties of 
LaAlO3/SrTiO3 [51-53]. How this cationic stoichiometric effects would influ-
ence the high energy optical conductivity of insulating and conducting 
LaAlO3/SrTiO3 is an important open question. Thus, its interplay with the 
charge transfer and redistribution phenomena as observed in high energy optical 
conductivity still remains to be answered. 
 
7.4. Theoretical calculations: why the insulator-metal transition of 
LaAlO3/SrTiO3 is a step function 
 
From the experimental results, it is clear that there is an interplay between sev-
eral mechanisms in determining the interface conductivity of LaAlO3/SrTiO3. 
Since these results and analyses are still phenomenological, a rigorous theoret-
ical study is needed to obtain a more thorough understanding of the interface 
conductivity of LaAlO3/SrTiO3 and its insulator-metal transition. For this rea-
son, density functional theory (DFT) calculations are done on the insulating and 
conducting cases of LaAlO3/SrTiO3 to further support the experimental results. 
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Previous theoretical calculations done on LaAlO3-thickness-dependent stoichi-
ometric LaAlO3/SrTiO3 structures have been able to replicate the LaAlO3-thick-
ness-dependent insulator-metal transition [140,232] and the presence of LaAlO3 
lattice distortions in insulating LaAlO3/SrTiO3 [10,158]. However, they are not 
able to fully explain the conducting state of LaAlO3/SrTiO3. In these calcula-
tions, the conducting interface charge density increases with LaAlO3 thickness 
[140,232], while experimentally it is independent from LaAlO3 thickness, as 
observed in the step-like insulator-metal transition (Figs. 2.6 and 7.1(e)) [12]. 
The interface charge density is also much less than the ~0.5 e- observed experi-
mentally  in Fig. 7.4(b) and stipulated by the polarization catastrophe model 
(Fig. 2.9) [45]. The LaAlO3 lattice distortions also still remain after the interface 
becomes conducting [10], while experimentally [10,11] they vanish in conduct-
ing LaAlO3/SrTiO3. 
 
7.4.1. Oxygen vacancies formation energy calculations results 
 
An important observation in the high-energy conductivity study of 
LaAlO3/SrTiO3 is that the conducting LaAlO3/SrTiO3 exhibits VO signature in 
LaAlO3 (Fig. 7.4(a)). However, this signature is not observed in insulating 
LaAlO3/SrTiO3. This suggests that the formations of VO in insulating and con-
ducting LaAlO3/SrTiO3 may be different. Previous theoretical study has found 
that the formation energy (Ef) of VO in LaAlO3 film of LaAlO3/SrTiO3 (calcu-
lated using Eq. 7.1) is the lowest at the surface [159]. Furthermore, the Ef of 
surface VO in LaAlO3/SrTiO3 also varies as a function of LaAlO3 thickness and 
oxygen chemical potential [50,159,233], as shown in Fig. 7.6. It can be seen 
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that Ef of surface VO decreases as LaAlO3 increases, which means it is more 
energetically favorable to create surface VO in thicker LaAlO3 film. Interest-
ingly, when 
3LaAlO
d  ≥ 4 uc, the formation energy of surface VO crosses through 
zero at most oxygen chemical potential window, indicating a high possibility to 
form the surface VO. 
 
 
Figure 7.6: Formation energy of surface oxygen vacancies in 
LaAlO3/SrTiO3 with different oxygen chemical potential and LaAlO3 thick-
nesses. (a) Oxygen chemical potential dependence of formation energy of sur-
face oxygen vacancies in LaAlO3/SrTiO3. The vertical black dash line indicates 
the oxygen rich condition, while the vertical red dash line indicates the oxygen 
poor condition. The formation energy of surface oxygen vacancies in these two 
cases are shown in (b). (b) LaAlO3-thicknesses dependence of formation energy 
of surface oxygen vacancies in LaAlO3/SrTiO3 for oxygen-rich and oxygen-




As discussed earlier, experimentally the upper limit of oxygen partial pressure 
for layer-by-layer deposition of LaAlO3/SrTiO3 is ~5×10
-2 mbar with a typical 
deposition temperature of 850 ºC [39], implying this oxygen partial pressure is 
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the oxygen-rich limit of LaAlO3/SrTiO3 deposition. The oxygen chemical po-
tential corresponding to this pressure and temperature conditions can be calcu-
lated using Eqs. 7.2 – 7.5 [227] to be -6.77 eV. The calculated formation energy 
of surface oxygen at this oxygen chemical potential energy is shown in Fig. 
8.4(b). It can be seen that formation energy is equal to or below zero for dLaAlO3 
≥ 4 uc, even at this oxygen-rich limit, suggesting that the surface VO is energet-
ically favorable to be formed in LaAlO3 film with these thicknesses. 
 
7.4.2. Density functional theory calculations results 
 
From Fig. 7.6, it can be seen that the surface VO is more energetically favorable 
to form when 
3LaAlO
d  ≥ 4 uc, i.e., when the LaAlO3/SrTiO3 interface is conduct-
ing. Based on this reason, the DFT calculations are performed as follows: the 
insulating 2 and 3 uc LaAlO3/SrTiO3 are calculated as relaxed stoichiometric 
LaAlO3/SrTiO3 structures, while the conducting 4, 5, and 6 uc LaAlO3/SrTiO3 
are calculated as relaxed LaAlO3/SrTiO3 with surface VO structures. In the cal-
culations for the 4, 5, and 6 uc LaAlO3/SrTiO3, the surface VO is simulated by 
removing one oxygen from the surface of LaAlO3 within 2×2 LaAlO3/SrTiO3 
supercell, equivalent to surface VO concentration of ¼ per surface AlO2 sub-
layer. This concentration of VO exactly matches the conditions needed to render 
the surface insulating [234]. The relaxed stoichiometric LaAlO3/SrTiO3 struc-
ture is shown in Fig. 7.7(a), while the relaxed LaAlO3/SrTiO3 structure after the 
inclusion of surface VO is shown in Figs. 7.7(b) and 7.7(c). The angles 180º-α 
and 180º-β represent the degree of lattice distortions (buckling) along the O-Al-
O and O-La-O chains of LaAlO3, respectively. 




Figure 7.7: Step-like insulator-metal transition and lattice distortions in 
LaAlO3/SrTiO3 from density functional theory calculations. (a) Structural 
guide for the relaxed stoichiometric LaAlO3/SrTiO3 structure. The angles 180º-
α and 180º-β represent the degree of lattice distortions (buckling) along the O-
Al-O and O-La-O chains of LaAlO3, respectively. Note that the circled O atoms 
are located in the (020) plane, i.e. not in the same plane as La which is located 
in the (010) plane, so the angle β is defined as the angle between their projected 
positions in the (010) plane and La. (b) Structural guide for the relaxed 
LaAlO3/SrTiO3 with oxygen vacancies (VO) structure along the <010> direc-
tion. (c) Structural guide for the relaxed LaAlO3/SrTiO3 with surface VO struc-
ture along the <100> direction. (d) Interface charge density and average lattice 
distortions (buckling) of O-Al-O and O-La-O chains in LaAlO3 for different 
thicknesses of LaAlO3 on SrTiO3. The 2 and 3 uc LaAlO3/SrTiO3 are stoichio-
metric, while the 4, 5, and 6 uc LaAlO3/SrTiO3 are with surface VO [72]. 
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The calculated LaAlO3-thickness-dependent interface charge density and aver-
age LaAlO3 lattice distortions are shown in Fig. 7.7(d). From the figure, it can 
be seen that the calculations are able to reproduce the experimental results very 
well, as follows. First, the insulator-metal transition at 4 uc of LaAlO3 is indeed 
a step function, with the interface charge density becomes independent from 
LaAlO3 thickness for 
3LaAlO
d  ≥ 4 uc, consistent with the electrical transport 
measurements results (Figs. 2.6 and 7.1(e)) [12]. Second, the charge density at 
the conducting interface is indeed 0.5 e-, consistent with the high-energy optical 
conductivity results (Fig. 7.4(b)) and the polarization catastrophe model [45]. 
Third, when 
3LaAlO
d  < 4 uc, the O-Al-O and O-La-O chains of LaAlO3 are in-
deed distorted, which gives rise to opposing ionic dipoles that can counteract 
the internal potential divergence in LaAlO3 [158] (Table 7.2), and these distor-
tions vanish when the interface becomes conducting at 
3LaAlO
d  ≥ 4 uc, consistent 
with the SXRD results [10,11]. The lattice distortions seen in Figs. 7.7(b) and 
7.7(c) are mainly caused by the absence of one surface oxygen atom in 2×2 
supercell, and do not give rise to cationic dipoles (Table 7.2). From these excel-
lent agreements with the experimental results, the presence of surface VO in con-
ducting LaAlO3/SrTiO3 can be reconciled with the polarization catastrophe 
model as discussed below. 
 
Table 7.2: Average dipole moments per LaAlO3 sub-layer of 
LaAlO3/SrTiO3 along the <001> direction. The 2 and 3 uc LaAlO3/SrTiO3 are 
stoichiometric, while the 4, 5, and 6 uc LaAlO3/SrTiO3 are with surface oxygen 
vacancies. 
 
LaAlO3 thickness 2 uc 3 uc 4 uc 5 uc 6 uc 
Dipole moment (eÅ) 0.71 0.68 0.01 0.00 0.00 
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7.4.3. Interplay of electronic reconstruction, surface oxygen vacancies, and 
lattice distortions 
 
In the conventional potential catastrophe model (Fig. 2.9) [45], without allow-
ing for LaAlO3 lattice relaxation nor the presence of surface VO (i.e., the rigid 
stoichiometric LaAlO3/SrTiO3 structure), the 0.5 e
- charge transfer into the in-
terface would leave extra 0.5 h+ at the LaAlO3 surface. In this conventional 
model, the electronic reconstruction via inter-layer charge transfer from the 
LaAlO3 surface into the interface would occur immediately after the deposition 
of even only one uc of LaAlO3 (Fig. 7.8(a)), contrary with experimental obser-
vations (Figs. 2.6 and 7.1(e)) [12]. Even more importantly, both the interface 
layer and the surface AlO2 sub-layer of LaAlO3 would become metallic. 
 
When the stoichiometric LaAlO3/SrTiO3 lattice is allowed to relax (i.e., the re-
laxed stoichiometric LaAlO3/SrTiO3 structure), internal lattice distortions occur 
in LaAlO3 (Figs. 7.7(a), 7.7(d), and 7.8(b)), which can compensate the internal 
polarization potential divergence for 
3LaAlO
d  < 4 uc without electronic recon-
struction into the interface [158] and result in a lower system total energy (Fig. 
7.8(c)). Meanwhile, for 
3LaAlO
d  ≥ 4 uc the top of the valence band of LaAlO3 
and the bottom of the conduction band of SrTiO3 starts to overlap, as shown in 
Figs. 2.10 [158]. These result in both the interface and the surface becoming 
metallic with a very small but gradually increasing charge density of opposite 
sign as the LaAlO3 thickness increases (Fig. 7.8(a)), as also shown by previous 
calculations [140,232]. 




Figure 7.8: Step-like insulator-metal transition of LaAlO3/SrTiO3 due to 
interplay of surface oxygen vacancies, and lattice distortions. The blue lines 
represent the rigid stoichiometric LaAlO3/SrTiO3 case, the red lines the relaxed 
stoichiometric LaAlO3/SrTiO3 case, and the black lines the relaxed 
LaAlO3/SrTiO3 with surface oxygen vacancies (VO) case. (a) Comparison of the 
interface charge density of each case. (b) Comparison of O-Al-O chains buck-
ling in LaAlO3 film of each case. (c) Comparison of relative total energy be-
tween the relaxed stoichiometric LaAlO3/SrTiO3 and relaxed LaAlO3/SrTiO3 
with surface VO cases, with the rigid stoichiometric LaAlO3/SrTiO3 case as the 
reference [72]. Below 4 uc of LaAlO3 film (red-shaded region), the relaxed stoi-
chiometric LaAlO3/SrTiO3 case results in the lowest total energy and is con-
sistent with experimental observations (Refs. [10-12] and Fig. 7.4). On the other 
hand, above 4 uc of LaAlO3 film (green-shaded region) it is the relaxed 
LaAlO3/SrTiO3 with surface VO case that results in the lowest total energy and 
agreement with experimental observations (Refs. [10-12] and Fig. 7.4). 
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However, as seen in Fig. 7.6, the energy to create surface VO approaches zero at 
4 uc of LaAlO3, and becomes negative as LaAlO3 thickness is further increased. 
This makes the total energy of the system with ¼ surface VO per AlO2 sub-layer 
(i.e., the relaxed LaAlO3/SrTiO3 with surface VO structure) to be lower than the 
total energy of the relaxed stoichiometric LaAlO3/SrTiO3 structure, as shown in 
Fig. 7.8(c). Thus, for 
3LaAlO
d  ≥ 4 uc this becomes the energetically favorable sit-
uation. The interface becomes conducting because of the inter-layer 0.5 e- 
charge transfer, while the surface AlO2 sub-layer remains insulating because the 
extra 0.5 h+ is compensated by the surface VO. 
 
Based on these results, the following model, which takes into account the inter-
play between electronic reconstructions, surface oxygen vacancies, and lattice 
distortions, can naturally explain the LaAlO3-thickness-dependent discontinu-
ous transition at 4 LaAlO3 uc of LaAlO3/SrTiO3. Below 4 uc of LaAlO3, the 
polarization catastrophe is compensated by the lattice distortions of LaAlO3 film 
without electronic reconstruction into the interface, resulting in insulating 
LaAlO3/SrTiO3. Above 4 uc of LaAlO3, the polarization catastrophe is instead 
compensated by electronic reconstruction via inter-layer charge transfer from 
the LaAlO3 surface into the interface, stabilized by the presence of VO in surface 
AlO2 sub-layer of LaAlO3, resulting in conducting LaAlO3/SrTiO3 interface 
with LaAlO3-thickness-independent charge density. This interplay model is 
able to naturally explain the experimental observations of the electrical transport 
[12], SXRD [10,11], and high-energy optical conductivity (Fig. 7.4) measure-
ments of the LaAlO3-thickness-dependent insulator-metal transition of 
LaAlO3/SrTiO3 interface. 





In summary, high-energy reflectivity and spectroscopic ellipsometry studies of 
LaAlO3/SrTiO3 supported by density functional theory calculations have re-
vealed the mechanisms behind the step-like LaAlO3-thickness-dependent insu-
lator-metal transition of LaAlO3/SrTiO3 interface. Below 4 uc of LaAlO3, ~0.5 
e- intra-layer charge redistribution is observed between the AlO2 and LaO sub-
layers of LaAlO3, consistent with LaAlO3 lattice distortions effect observed ear-
lier. In this case, the polarization catastrophe is compensated by the opposing 
ionic dipoles created by the lattice distortions, without electronic reconstruction 
into the interface, resulting in insulating LaAlO3/SrTiO3. On the other hand, 
above 4 uc of LaAlO3, the polarization catastrophe is instead compensated by 
electronic reconstruction via ~0.5 e-  inter-layer charge transfer from the LaAlO3 
surface into the interface, stabilized by the presence of oxygen vacancies in sur-
face AlO2 sub-layer of LaAlO3, resulting in conducting LaAlO3/SrTiO3 inter-
face with LaAlO3-thickness-independent charge density. The results reveal the 
importance of the interplay between electronic reconstruction, surface oxygen 
vacancies, and lattice distortions in the interface conductivity of 
LaAlO3/SrTiO3, and open a path to understand the various electronic recon-
structions involving the interfaces of complex oxides heterostructures. The use 
of high-energy reflectivity coupled with spectroscopic ellipsometry could be 
extended to other similar polar and non-polar oxide interface systems. 





Summary and future directions 
 
In this last chapter, all the important results of this thesis are summarized. Af-
terwards, some possible future directions that can be taken as the continuation 




8.1.1. High-energy optical conductivity as a tool to probe electronic band 
structures of bulk and multilayered materials 
 
The studies of oxygen-pressure-dependent SrTiO3 and LaAlO3-thickness-de-
pendent LaAlO3/SrTiO3 discussed in this thesis have demonstrated the poten-
tials of high-energy optical conductivity in probing the electronic band structure 
of bulk and multilayered materials. The combination of spectroscopic ellipsom-
etry and UV-VUV reflectivity results in reflectivity spectra that cover a wide 
photon energy range of 0.5 – 35 eV [54-56], ensuring a stable Kramers-Kronig 
analysis in extracting the correct complex dielectric functions and optical con-
ductivity of the materials. Using f-sum rule, the optical conductivity spectra can 
be used to analyze the various spectral weight and charge transfers that happen 
inside the materials. 
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For bulk materials, the study of oxygen-pressure-dependent SrTiO3 using high-
energy optical conductivity have shown that even small intrinsic vacancies con-
centrations of ~1% – 2% can lead to large spectral weight transfers across wide 
photon energy ranges [70]. When SrTiO3 is annealed with low oxygen partial 
pressure (below 10-3 Torr), oxygen vacancies form in the sample. On the other 
hand, when the annealing oxygen partial pressure is high (above 10-3 Torr), cat-
ionic Ti vacancies form instead. In both cases, the presence of vacancies leads 
to large spectral weight transfers in SrTiO3, with different trends for each case. 
These spectral weight changes happen across broad photon energy ranges, 
which are a signature of correlation effects [212-214] in SrTiO3. The study 
shows the importance of high-energy optical conductivity in understanding the 
intrinsic defects and the complex nature of the electronic band structure of 
SrTiO3 and oxides in general. 
 
For multilayered materials, high-energy optical conductivity has been used to 
study the buried interface LaAlO3/SrTiO3 heterostructure [69,71]. Due to its 
non-intrusiveness, the technique is able to probe the buried interface of 
LaAlO3/SrTiO3 without disturbing the LaAlO3 film layer above it. The optical 
conductivity of the interface can be separated from that of the LaAlO3 film and 
SrTiO3 substrate using the self-consistent iteration procedure analysis technique 
[69]. The results reveal the various charge transfers and redistributions in insu-
lating and conducting LaAlO3/SrTiO3, resolving the mechanisms behind the in-
sulator-metal transition of LaAlO3/SrTiO3 interface [71,72]. With proper ad-
justments, both experimental and analysis techniques can be extended to study 
the electronic band structure of other complex heterostructure interfaces. 
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8.1.2. Mechanisms behind insulator-metal transition of LaAlO3/SrTiO3 in-
terface 
 
The polarization catastrophe model [45,154] stipulates that due to the polar na-
ture of LaAlO3 sub-layers, an internal polarization potential divergence would 
develop in LaAlO3 as LaAlO3 film is deposited on non-polar SrTiO3 substrate. 
In this thesis, the high-energy optical conductivity study of LaAlO3/SrTiO3 [71] 
supported by DFT calculations [72] has revealed the different mechanisms used 
to compensate this potential divergence in insulating and conducting 
LaAlO3/SrTiO3. 
 
Below the LaAlO3 critical thickness of 4 uc, the potential divergence is com-
pensated by 0.5 e- charge redistributions among the polar sub-layers of LaAlO3 
without charge transfer into the interface [71], which results in an insulating 
LaAlO3/SrTiO3 interface [12]. This is consistent with the observed internal lat-
tice distortions of LaAlO3 film [10,11,158], which create opposing ionic dipoles 
that partially counteract the internal polarization field of LaAlO3 and reducing 
the total energy of the system [72].  
 
When the LaAlO3 film reaches the critical thickness of 4 uc, the internal charge 
redistributions and lattice distortions are not sufficient anymore to compensate 
the potential divergence. This causes an internal Zener breakdown to occur, 
where the potential divergence is instead compensated by 0.5e- charge transfer 
(i.e., electronic reconstruction [157]) from the LaAlO3 surface into the 
LaAlO3/SrTiO3 interface, resulting in a conducting interface [29,45,71] with 
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LaAlO3-thickness-independent charge density [12,72]. The 0.5 e
- charge trans-
fer leaves extra 0.5 h+ at the LaAlO3 surface, which in turns is compensated by 
the presence of surface oxygen vacancies [50,71]. Since above 4 uc of LaAlO3 
the formation energy of the surface oxygen vacancies is negative, this results in 
a lower total energy of the system [72]. 
 
In conclusion, the results reveal the importance of interplay between electronic 
reconstruction, surface oxygen vacancies, and lattice distortions in the LaAlO3-
thickness-dependent insulator-metal transition of LaAlO3/SrTiO3. The study 
opens a path to understand the various reconstruction mechanisms behind the 
various exotic phenomena at the interfaces of complex oxides heterostructures. 
 
8.2. Future directions 
 
8.2.1. Temperature-dependent high-energy optical conductivity of SrTiO3 
and LaAlO3/SrTiO3 
 
SrTiO3 is well-known to exhibit remarkable properties at low temperatures. Its 
already high room-temperature dielectric constant of ~300 increases dramati-
cally as the temperature decreases, up to as high as ~25000 at 4 K [111,117,118]. 
It also undergoes a symmetry-lowering transition to tetragonal structure below 
105 K [105,106] which, in the context of LaAlO3/SrTiO3, has been shown to 
locally enhance the interface conductivity in one-dimensional striped patterns 
[107,108]. Furthermore, it has been suggested that electron-hole interactions 
and excitonic effects, which are more pronounced at low temperatures, may also 
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play important roles in SrTiO3 [122,235]. Thus, since all optical data discussed 
in this thesis are still measured at room temperature, it would be interesting to 
see how these low-temperature effects would modify the high-energy optical 
conductivity of SrTiO3 and LaAlO3/SrTiO3 heterostructures as their tempera-
tures are varied. 
 
8.2.2. In-situ observation of LaAlO3-thickness-dependent insulator-metal 
transition of LaAlO3/SrTiO3 
 
Theoretical calculations [50,72] have shown that the presence of oxygen vacan-
cies (VO) at the LaAlO3 surface is crucial to stabilize the inter-layer charge trans-
fer in conducting LaAlO3/SrTiO3. Meanwhile, in this thesis the LaAlO3 film 
depositions and the optical experiments are performed on different separate ap-
paratuses. This means that when the LaAlO3/SrTiO3 samples are transported 
from the deposition chamber into the measurement chamber, they are exposed 
to the ambient atmosphere. This atmospheric exposure can contaminate the sur-
face of the samples, for example by compensating the surface VO. This might 
be the reason why the f-sum rule analysis of the high-energy optical conductiv-
ity of conducting LaAlO3/SrTiO3 results in surface VO concentration of only 
~1/12 VO per surface AlO2 sub-layer (see Chapter 7) [71], as opposed to the 
theoretical value of 1/4 VO per surface AlO2 sub-layer [50,72]. The best way to 
rectify this is by performing in-situ experiments, where the LaAlO3 deposition 
is done inside or within the same vacuum environment as the measurement 
chamber, so that any external surface contaminations can be greatly minimized. 
Not only that, it also allows the optical measurements to be performed at each 
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step of the layer-by-layer deposition, providing an almost real-time monitoring 
of the LaAlO3-thickness-dependent insulator-metal transition of 
LaAlO3/SrTiO3. 
 
8.2.3. Applied electric field control of LaAlO3/SrTiO3 interface conductiv-
ity 
 
According to the polarization catastrophe model [45], the interface conductivity 
of LaAlO3/SrTiO3 emerges as a way to compensate the polarization potential 
divergence due to the internal electric field in LaAlO3. Thus, in principle the 
insulator-metal transition of the interface can also be induced by applying an 
external electric field on the LaAlO3/SrTiO3 sample [43]. For example, insulat-
ing (conducting) LaAlO3/SrTiO3 can be induced to become conducting (insu-
lating) by applying external field in the same (opposite) direction to the LaAlO3 
internal field [43,142,143]. Thus, it would be interesting to see if this external-
field-induced insulator-metal transition would result in similar changes in the 
high-energy optical conductivity spectra as the LaAlO3-thickness-dependent 
one discussed in this thesis.  
 
8.2.4. Polarization catastrophe compensation mechanisms in p-type 
LaAlO3/SrTiO3 interface 
 
As discussed before, the LaAlO3/SrTiO3 interface can also be formed with 
AlO2/SrO interface stacking sequence by depositing LaAlO3 film on SrO-ter-
minated SrTiO3. In this case, the direction of the internal electric field in LaAlO3 
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is reversed, and theoretically a charge transfer of 0.5 h+ from the LaAlO3 surface 
into the interface (resulting in a p-type conducting interface) is needed to com-
pensate the resulting polarization potential divergence [45]. However, electrical 
transport measurements show that this type of LaAlO3/SrTiO3 interface remains 
insulating at all LaAlO3 thicknesses [29,148]. It has been suggested that in this 
interface, the polarization catastrophe may be compensated by spatial atomic 
reconstruction instead [45]. Thus, it would be interesting to see if similar inter-
nal charge redistribution mechanism as the one observed in insulating n-type 
LaAlO3/SrTiO3 using high-energy optical conductivity study (as discussed in 
this thesis) is also present in p-type LaAlO3/SrTiO3. 
 
8.2.5. Interface conductivity of amorphous LaAlO3/SrTiO3 
 
The polarization potential divergence in LaAlO3/SrTiO3 occurs because the 
pseudo-cubic perovskite structure of LaAlO3 results in a layered sequence of 
polar (LaO)+ and (AlO2)
- sub-layers [45]. In amorphous LaAlO3 film, this 
should not be the case, due to the random arrangement of the ions. Yet, recent 
study has shown that when thin film of amorphous LaAlO3 is deposited on 
SrTiO3, the interface also becomes conducting [168], not unlike the crystalline 
LaAlO3/SrTiO3 case. It has been argued that the main mechanism behind this 
interface conductivity may come from the presence of interfacial oxygen vacan-
cies, since when the sample is annealed in oxygen the conductivity disappears 
and the interface becomes insulating. Thus, it would be interesting to study this 
amorphous LaAlO3/SrTiO3 system using high-energy optical conductivity to 
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probe its electronic band structure and understand the mechanism behind its in-
terface conductivity. 
 
8.2.6. Interface conductivity of other polar – nonpolar oxide heterostruc-
tures 
 
The discovery of the interface conductivity between polar LaAlO3 and nonpolar 
SrTiO3 [29] has motivated the investigation of other polar – nonpolar oxide het-
erostructure systems such as LaGaO3/SrTiO3 [236], NdAlO3/SrTiO3 [237,238], 
PrAlO3/SrTiO3 [237], and NdGaO3/SrTiO3 [237]. Interestingly, the interfaces 
of these systems are all found to be conducting [236-238], and the interface of 
NdAlO3/SrTiO3 is even found to exhibit NdAlO3-thickness-dependent insula-
tor-metal transition similar to that of LaAlO3/SrTiO3 [237]. Thus, it would be 
very interesting to study the high-energy optical conductivity of these polar – 
nonpolar oxide heterostructures and verify whether the interplay mechanism of 
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